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A41 exjiijrlmancaj pnigrara wan ronUuctud to Invent l«ato toolmlauos 'mri a..- 
yelop teclmology .o ruduee omlnHlonH from durt hurner-type au^-mfutors* su i t il. ' • 
or „»e on on ndva„.H.d noporoonlo ornUo oirnrntt. n,o 

^*’***- iind 412 mm wldo, ot Inlor 

pt.ratiire and prusniire eondiclons nimulatinK true fl/ehi ■, indltloi' Twf.iu. 

test conf Iguratlons were acreonod for emissions ('liaracterlstlca, and detailed 

"" f configurations at test conditloL r .rrespm^ J 

to takeoff, transonic eUmb. and supersonic cruise. ‘ t rresponains 

The burner designs was a staged system, 

dertuia ‘T Kd** “ pilot, using conaervat tve st/irl cup technology 

slsJef of fTn^h " ‘■“'"'’“stors. The second, or main, stage con- 

sisted of flameholder arrays downstream of the pilot staae Thu hidr. ^ i 

workable staged combustion configurations with' roosmribl- 
performance came from extensive duct burner experimental Investlgat^ius on 
similar configurations directed toward military app Ucationrth ^ Iri Lon 

n?t^o^:^«^ prior years. Lc/„aij;;Lrthe^‘Ld: s cf " 

nitrogen (NOx) emissions level, which liad not been an object of He nivvic 

duct burner Investigations, most of the fuel was burnce In the • k LU 

as a lean, premixed stream. Two types of main st-we l ia„v 

u...d The ,lr« t,„e codsl.t.d of "rcumforoVu^ll* ji/- 

Similar to those of turbojet afterburners. The secoii : type coa.sisted of 

patterned after those developud f.-i «.‘au combustors 
in tlie NAbA/CL Experimental Clean Combustor Pre.gram. 

The most attractive configuration identified in this program featu-ed 
the use ot a swept re Ual f lamdiolder array extending both inward and out ward 
from a central annular pilot. With this conf iguratlL, the "Lt oLaal l 

sonL rot "Stained at all operating conditions. A. tht supor- 

carbuL^«i'’f conditions, with the main stage air uniformly 

arbureted for optimum emissions performance, a NO emission index of l.js 
and a combustion efficiency of 97% were measured ccmipared with the program* 
goals of 99/ combustion efficiency and J.O g/kg fuel for NO^. It was de- 

i^^Jvidual gas samples tliat nmcli of the combustion inefficien v 
was due to quenching near the film-cooled liners. If future development ' 
efforts are successful in eliminating this wall quenching, overall combustion 
efficiency levels above the 99% measured In the central part of the strLm 
should be achievable. At these 99% efficiency conditions for the 
part of the stream, NOx emission index levels of 1.10 at takeoff and 1.17 at 
supersonic cruise wore measured, closely approaching the program goals. 

tbc best emissions performance at supersonic cruise was obiain.-d 
at a tuel/alr ratio ot 0.0324, a supersonic cruise fuel/alr ratio of 0 020 
is indicated tor optimum mission specific fu^ consumption and capabilitv of 

cruise. At the 0.020 fuel/alr ratio, emissions performance was degraded. 
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Stuping techni<iues to maintain aptimun fuel /air ratios locally In the stream 
were Investigated, with only limited success. These techniques Included 
corburetlon of the main-stage air on only one side of the pilot, sometimes 
coupled with axial displacement of the uncarbureted flameholders. At a 
supersonic cruise fuel/alr ratio of 0.020, a combustion efficiency of 94% and 
a NOx emission Index of 1.3 were measured. 

Variations in fuel injection techniques produced only moderate effects 
on emissions performance. These variations included two different axial 
injection stations, alternative atomizing techniques including high pressure 
air atomization, and vapor fuel injection. 

Future development work on duct burners should include efforts to reduce 
combustion-driven resonance, which was present in all configurations at the 
highest fuel/air ratios. Efforts to minimize wall quenching and efforts to 
increase performance with fuel staging for wide fuel/air ratio capability 
should also be included. 
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2.0 INTRODUCTION 


The purpose of this program was to Investigate techniques and develop 
technology to reduce the pollutant emissions levels of duct burner-type aug- 
mentors suitable for use on an advanced supersonic cruise aircraft, This 
effort focused on reducing emissions ol N0x> carbon monoxide (CO), unburned 
hydrocarbons (HC), and smoke at all flight conditions, with particular em- 
phasis on reduction of these emissions during supersonic cruise at high 
altitude. These reductions In pollutant emissions were to be accomplished 
with minimum and acceptable sacrifices In duct burner performance require- 
ments such as combustion efficiency, total pressure loss, and altitude 
relight capability. Performance and pollutant emissions goals were defined 
for three flight conditions: supersonic cruise, takeoff, and transonic climb, 
as shown in Table I. These goals emphasized high combustion efficiency and 
extremely low NO^ emission. 

Duct burners must achieve good performance levels at severe burning con- 
ditions. The burner Inlet air temperatures are generally low, comparable to 
those of main combustors at idle conditions. These temperatures are much 
lower than those of main combustors at full power and are also lower than 
those of afterburners. At the same time, duct burners generally must operate 
in a minimum passage height In order to minimize the overall engine diameter 
and, hence, the aircraft drag. This latter consideration results In flow 
reference Mach numbers through the burner that are higher than those In main 
combustors. While more combustion length is available than in main com- 
bustors, the achievement of extremely high combustion efficiencies is never- 
theless difficult because of the adverse operating conditions of duct burners. 

Previous duct burner development work did not emphasize the attainment 
of low NOx emission levels. High combustion efficiency, however, has always 
been an important objective In development work. Combustion efficiency is 
frequently optimized by providing nearly stoichiometric fuel/air ratios in 
the burning zone. The resultant high flame temperatures do not result in 
lowest NOjj formation. To approach the low NOx goals of this program, the 
combustion must take place at lean conditions where the flame temperatures 
are low. The achievement of high combustion efficiency at these lean 
conditions is very difficult. Thus, although high combustion efficiency can 
be achieved in duct burners, the simultaneous achievement of high combustion 
efficiency and low NOx emission levels was the primary challenge in this 
development test investigation. 

In recent years, duct burner designs have involved some sort of axial 
staging of the combustion process. The staging process helps achieve good 
performance in minimum passage heights. For the past seven years, the staged 
duct burner development work at General Electric has concentrated on concepts 
utilizing a pilot burner for the first stage with flameholder arrays for the 
second (main) stage. The experimental Investigations have included many 
variations on the exact features. For the pilot burner, these variations in- 
cluded airflow fraction, fuel/air ratio, length, and specific swirl cup and 



dilution nlr Introdm-tlon featuren. For the main stage flameholder arrays, 
thcHu variatloits included flameholder width, spacing, and slope, as well as 
the effect of arrays on only one or both sides of the pilot compared with 
arrays on both sides, iiicludina the effect of axial stagger of 
Solders between the two aides. This work was directed jov^ard achieving 
satisfactory operating characteristics for military engines, Including 
combustion efficiency at hlg’ fuel/air ratios, but did not include any de- 
velopment to reduce NO^ emission levels. Thus, this work provided a sound 
basis for selecting, for this emissions reduction program, configurations 

t V. opctrtle a»d to have rea.onabU ch.ta.tatl.tlc. fat ll8*>tot£ and 
SCstion a?flciancy at high fual/alr ratio.. 

guidance in optimising combustion efficiency at the lean conditions known to 
be important for achieving low NOx. 

Recent NASA-sponsored work on the development of low emissions 
combustors conducted at General Electric under the Experimental Clean Com- 
bustor Program, Contract NAS3-18551 (Reference 1), has identified that com- 
bustion of a second stage can be achieved with very low NOx levels, 
general approach to achieve these low NOx levels is to burn most of the fu 
In a very lean, relatively premixed state. Thus, this low NOx technology 
from main combustor investigations, together with the extensive duct burner 
expLien^e! provided the background for the selection of configurations to be 
tested in this duct burner emissions reduction program. 

In this experimental program, variations on two f 
anoroaches were investigated, both of which were coupled with a first stage 
pilot. One concept involved circumferential flameholders similar to those 
coi^oily uLd in afterburners. The other concept used sloped radial flame- 
holrters^similar to those recently Investigated for main combustors ® 
Contract NAS3-18551. Both design concepts were suitable for , 

operating conditions of a baseline engine designed to cruise at Mach 2.4 and 
le!? km Altitude. Screening tests on 12 configurations were conducted, with 
more detailed measurements made on selected configurations. es s w 

^nLctefin a rectangular sector test, vehicle simulating a portion of a full 
annu^arburncr and utilizing true Inlet air temperature and pressure con- 
ditions. 
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3.0 DUCT BURNER TEST CONFIGURATIONS 


3.1 PealRn Rugulrementa 

For the purpose of defining geometry features and cycle conditions for 
this investigation, a baseline duct-burning turbofan engine was selected. 

This engine, designated GE21, was designed for a supersonic cruise mission. 
Supersonic cruise was defined at Mach 2.4 and 16,74 km (54,900 fset) altitude 
on a standard day. 


3.1.1 Baseline Engine Description 

A schematic of the GE21 duct-burning turbofan engine and pod configura- 
tion is shown in Figure 1. Sea level static characteristics and key 
dimensions of this engine are listed in Table II. 

The duct burner of the GE21 engine is used during takeoff, climb, and 
cruise. For study purposes, the engine has an advanced technology retract- 
able chute-type noise suppressor in the duct stream only. At takeoff, the 
duct stream is limited to an average temperature of 1198 K to maintain 
suppressor metal temperatures within uncooled limits. The duct burner nozzle 
inlet temperature is limited to 1310 K at all other flight conditions. This 
temperature was selected to meet a study requirement thrust/drag ratio of 1.2 
and to minimize the nozzle cooling requirements. 

Engine cycle parameters pertaining to the duct burner are listed In 
Table III for four key operating conditions? uea level takeoff, transonic 
climb, supersonic cruise, and altitude relight. The tests conducted in this 
program were based on these conditions. 


3.1.2 Temperature Rise Requirements 

The maximum desired temperature rise of the baseline engine is 856 K, 
which occurs at the sea level takeoff operating condition. Since the fuel/ 
air ratio is only 0.024, which is only 35Z of the stoichiometric fuel/air 
ratio, efficient burning can best be accomplished by confining the combustion 
process to only a portion of the alrstream. This permits the air not 
required for combustion to bypass the high pressure losses of the flame- 
holding region and mix in later, downstream of the duct burner, through low- 
pressure- loss apertures. In addition, the air bypassing the duct burner need 
not be diffused down to the low reference Mach numbers desired for stable, 
efficient, and low-pressure-loss burning; this results In a minimum total 
required passage height and permits the overall diameter of the engine to be 
sized for minimum aircraft drag. 
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Table II, GE21/F2.4 Duct Burning Turbofan Engine Spec If lea dona. 


Sea level static characteristics! 

Bypass Ratio I .5 

Inlet Airflow kg/sec 

Fan Pressure Ratio 4,0 

Overall Pressure Ratio 22,5 

Maximum Turbine Rotor Inlet 
Temperature 1810 K 

Maximum Duct Exit Temperature 1310 K 

Key dimensions: 

Inlet Flange Diameter (OD) 1800 mm 

Maximum Diameter (OD) 2130 mm 

Length, Front Face to Plug 

Nozzle Tip (Supersonic inlet 

not Included) 5690 mm 


ntflCEDINO PAGE BLANK NOT fUUQI 


TabJe IH. Key Duct Burner Operating Conditions, GE21/F2.4 Study Pll. 
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At the supersonic crulBO operating condition, the duct burner fuel/alr 
ratio Is only 39% of that required for takeoff. Modulation of the burner 
over such a range of fuel/alr ratios requires fuel staging such that some 
part of the air that Is carbureted at takeoff Is not carbureted at cruise, 

3.1,3 Knvelopc and Flow Kequlrement s 

The fan discharge Mach number of the baseline engine Is O.Al, nearly 
constant at all flight conditions. Sufficient space is available to diffuse 
the fan duct stream to an average reference Mach number of 0.146. Approxi 
matcly half of the duct stream Is assumed to bypass the duct burner at a Mach 
number of 0.22. The Internal duct burner reference Mach number is thus only 
0 10, with an annulus height of approximately 180 ram. 

The fan duct of the baseline engine extends from the fan discharge plane 
to the fan stream nozxle, the throat of which is located in the plane of the 
low pressure turbine. Some of this length Is required for the fan discharge 
diffuser, and some Is required for a mixing chamber to mix duct burner dis- 
charge gas with bypass air ahead of the nozzle. The remaining length 
available for the duct burner la approximately 850 mm. 

3.2 Duct Burner Desiens 

Two duct burner design concepts were Investigated in this program. Both 
concepts used a pilot burner stage plus main stage flameholder array. The 
two concepts differed principally In the design of the main stage flame- 
holders. Concept 1, depicted in Figure 2, used circumferential flaraeholders 
derived tLom turbojet afterburner technology. Concept 2, depicted 
in Figure 3, used swept radial flaraeholders derived from the NASA/GE Experl 
mental Clean Combustor Program. In each duct burner concept, the pilot 
burner operates with only a small percentage of the total air. Through its 
piloting action, this pilot burner provides stability for the main stage 
flameholders. From upstream fuel Injectors, the main stage burner is s.ii.pHcd 
with carbureted air In a uniform premixed condition. The fuel/air ratio i 
the main stage Is regulated so that combustion temperatures are high enough 
for CO and HC to be cleaned up in the relatively long oOO-mm final burning 
section, yet low enough to avoid NOx generation. 


3.2.1 Duct Burner Concept 1 

Duct burner Concept 1 consisted of an annular pilot stage located 
centrally in the duct, with circumferential main stage flameholders 
iolh inside and outside of the pilot discharge mnulus. This arrangement .s 

illustrated in Figure 2. 

The pilot stage burner was patterned after the main ‘^o^bustor designs 
evolved in the NASA/CK Experimental Clean Combustor Program (ECCP), 
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(Ruferences I and 2). The pilot burner used two-stage coaxial awlrlero for 
each fuel nozale, consorvative stacked-ring cooling liners, and little or no 
dilution air. 

The fuel noszles were of the presaure-atumlzlng simplex type, fitted 
with a boat tailed air shroud to prevent carbon buildup on ihe nozzle face. 
Except for the nozzle flow coefficient, this was the same nozzle design as 
that selected for the RCCF Phase 111 double annular combustor (Reference 1). 
Circumferential nozzle spacing was 76.2 nun. 

The primary and secondary air swlrler designs were identical to those of 
the outer dome of the KCCP Phase III double annular combustor (Reference 1). 
Each primary swlrler had an effective metering area of 87 mra^ and imparted a 
swirl of 37*. The primary swlrler discharged through a venturi to prevent 
carbon deposition. Each secondary swlrler had an effective flow area of 129 
mm^ and imparted a counterrotating swirl of 60*. 

The swirlers discharged Into barrels which were mounted in a dome pro- 
tected by flat (rather than conical) splash plates. Dome height was 63.5 nun. 

The pilot stage flame zone was contained by stacked-ring-type film 
cooled liners. Cooling air was metered into the plenum of each cooling slot 
by a circumferential row of small holes. Slot flow was snioothec by an 
overhanging lip. Panel length was 46 mm, and the pilot was three panels 
long. The design cooling flow was 4.8 mg/(m2.Pa*s) at the supersonic cruise 
condition. 

For the first duct burner test configuration, dilution air was intro- 
duced through a single row of holes in the first liner panel. Hcle diameter 
was 4.8 mm. 

The pilot stage was designed initially to accept 10% of the burner 
airflow under the liners at the flameholder plane, and to operate with a 
pilot fuel/alr mass ratio of 0.03. 

The piloted flameholder of duct burner Concept 1 used technology drawn 
from afterburner design experience: the ring V-gutter flameholder has been 

used effectively in the J47, J79, J93, and GE4 augmented turbojet engines. 
Two concentric circumferential flameholders were placed at the pilot burner 
discharge plane, connected to the pilot by short, slightly swept radial 
spokes in line with each pilot fuel nozzle. This arrangement is indicated 
in Figure 2. 

A flameholder width of 19 mm was selected for the circumferential 
gutters based on previous successful experience in laboratory flame tunnel 
tests of piloted duct burner configurations. The radial spokes were 25 mra 
wide. 
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Thi* pilot burnur dlHchurgo annulus holght was detormlnad by gas dynamic 
culeulatlonH. It was assumed that 10% of tbe air emergod from the pilot, 
heatod to 1522 K. Tlu! balance of cho air at 595 K flowed through the flame- 
huldur gaps with a discharge coefficient of 0,94, Thu blockage was adjusted 
HO that thu total pressure loss was 3% after the air streams and wakes mixed 
to uniformity In the duct downstream without further heating, and with a 
reference Mach number of 0.1. This calculation predicted a tutal-tu-statlc 
pressure drop of 5.6% at the pilot discharge plane, which was used to define 
the pilot flow metering area. The pilot discharge height appropriate for a 
passage height of 160 mm was 33 mm. 

The design selected for the standard main stage fuel injectors was a 
radial splash plate spraybar, illustrated in Figure 4. The spraybar outside 
diameter was 6.3 mm. Tbe fuel orifice, sized for a maximum pressure drop of 
2 MPa, directed the fuel jet upstream against the downstream surface of the 
splash plate suspended 3.2 mm ahead of the spraybar. Atomization occurred 
first as the fuel sheet spread away from the poitit of impact of the jet on 
the plate, and then- as the air stream sheared the fuel sheet away from the 
edge of the plate. In duct burner Concept 1, the spraybars contained one 
splash plate each and were located in the high velocity stream flowing around 
the widest part of the pilot cowl, in both the Inner and outer passage. 
Circumferential spacing between spraybars was 43 mm. 


3.2.2 Duct Burner Concept 2 

Duct burner Concept 2 consisted of an annular pilot stage with swept 
radial main stage f lamcholders. Tn one configuration, the pilot stage was 
located against the Inner wall of the duct, with the flameholders extending 
outward to the outer wall. This arrangement is illustrated In Figure 3. 

I., other configurations, the pilot stage was cientered in the duct, with the 
flameholders extending both Inward and out »ard. 

Tlie pilot stage burners used In duct burner Concept 2 were similar to 
those used in Concept 1, described above. The fuel nozzles, primary and 
secondary swlrlers, and domes vrere identical to those of Concept 1. The 
pilot cooling liners were somewhat different: the Concept 2 pilot liners 

were only two panels long, and the panel length was 53 mm. Dilution holes 
6.3 mni in diameter were used in the first panel of some configurations. The 
Concept 2 pilots were designed initially to accept 10% of the burner airflow 
under the liners at the flamcholder plane and to operate with a pilot stage 
fuel/air ratio of 0.03. These parameters were modified during the test 
progr.im, as described below In Section 3.3. 

The main stage of duct burner Concept 2 used swept radial flameholders 
p.atterned after the main stage of the radial-axial combustor configuration 
tested In the IXICF (Reference 2). In principle, the swept radial flaraeholder 
concept offers a greater length of flameholder edge and shorter flamespreading 
distuiu.es than does a circumferential flameholder array having the same 
effective blockage. 
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Figure 4. Standard Splashplate Spraybar Design. 




A Kwcop angle of 60° and a Hcmlclruular gutter cross section were 
selected for the flamehoider array. The number of f lameholders was se.t at 
two per pilot fuel nozzle, l.e. the flamehoider spacing was 38 mm, half the 
pilot nuzzle spacing. 

The appropriate flamehoider blockage was calculated by a momentum 
balance across the mixing chamber downstream of the flamehoider array. The 
nominal total pressure drop was 3% with a reference Mach number of 0.1, Inlet 
temperature of 395 K, and the pilot stream (10% of total flow) heated to 1522 
K. The discharge angle of the flow from the swept flamehoider array was 
calculated by balancing axial and transverse momentum, assuming that the 
flamehoider drag force acts normal to the flamehoider edge. The discharge 
coefficient for the semicircular flameholders was assumed to be 1.0. From 
these calculations, a flamehoider width of 24 mm was selected, with a pilot 
burner exit height of 31 mm for the one-sided configurations and 54 mm for 
the symmetric configurations, in the 160-mm duct height. The total-to-static 
pressure drop at the pilot discharge was calculated to be 5.4%. 

Some configurations of duct burner Concept 2 used radial splash plate 
spraybars for main stage fuel injection, located in the high velocity stream 
flowing around the widest part of the pilot cowl. With a central pilot, 
these spraybars were Identical to those used with Concept 1, described 
above. When the pilot was located against the inner wall of the duct, the 
spraybars extended from the outer wall only and contained two splash plates 
each, Instead of one. 

Variations of the standard fuel injector design were tested with Concept 
2. These variations will be identified in the descriptions of the individual 
test configurations following. 


3 . 3 Duct Burner Test Configurations 

Twelve duct burner test configurations were defined for evaluation in an 
existing J94 by 432 mm rectangular sector test rig. Originally, the con- 
figurations were defined to be six variations each of the two duct burner 
concepts. Because of early hardware damage on Concept 1 and good emissions 
results from Concept 2, more configuration variations of Concept 2 than of 
Concept 1 were investigated. As it developed, three of the configurations 
represented variations of duel burner Concept 1; the remainder represented 
Concept 2. Only the burner region itself was simulated in the test rig. 
Neither the fan discharge diffuser nor the bypass air stream with Its specific 
liner and downstream mixer region was part of the test models. 

The test rig was equipped with upper and lower multijet-type cooling 
liners used in previous test programs. The nominal height under these liners 
was 160 mm The muJtlJet liner design has film air injected through rows of 
discrete holes aimed parallel to the panel surface, without plenum or over- 
hang. Kach row had 1.9-mm holes spaced 2.5 mm on centers. Panel length was 
38 mm. 
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sDlash^ol^^oi ‘'-onfiguratlonB were mounted with the pilot burner dome 

splash platc.8 in a common axial position, 760 mm from the tunnel exit. 
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3.3.1 Configuration 1 

war;pprl;xi™™j;:‘‘6is n.Lhoiapr»"«”sf 


3.3.2 Configuration 2 

with 2, sliown In Figure 6, represented duct burner Concept 2 


3.3.3 Configuration 3 


Coni Iguratlon 3 represented the variation 
a central pilot with swept radial flaraeholdera 
(outer) flameholders were displaced downstream 
holders, as shown in Figure 7. The purpose of 


of duct burner Concept 2 using 
above and below. The upper 
150 mm from the lower flame- 
this arrangement was to prevent 
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Figure 5. Configuration 1 Flowpath. 





pri'niatiiiv quenching of th« eombuHtiou I rora the lower main Mtage flameholderH 
by tlie mixing of mu-arbureted air JetB front the upper f lameholdera at the 
supurtionle cruise operating condition, whore only half the main stagt is 
carbureted. Tlie burning length for the lower flameholder array was about 600 
mm. 


Main stage luel was Injected from standard splash plate spraybars 
located as shown in I’lgure 7. Tlie pilot fuel nozzles were enlarged to 3.7 
g/s at 690 kl’n In tlie process of repairing damage from previous testing. 

Configuration 3, like Configurations 1 and 2, used simple sector endwall 
cooling liners consisting of a flat plate cooled by a strong backside flow of 
cold atr, some of which bled tiirough baffled holes for film protection. 


3.3.4 Conf Iguratlon 4 

Configuration 4 was identical to Configuration 3 except for the sector 
endwall cooling liners. Configuration 4 was built up using alternate 
existing endwall liners with a longer spacing between the film baffles than 
for Configuration 3, 89 mm versus 38 mm, in an attempt to achieve Improved 
resonance suppression. This particular liner had seemed to provide resonance 
suppression in a previous duct burner test program. However, with Configura- 
tion 4, only minor changes in resonance characteristics were encountered. 

After Configuration *j was tested, the original endwall liners were reinstalled 
in the sector test rig. 


3,3,5 Configuration 5 

Coni iguration 5 (Figure 8) was derived from Configuration 4 by replacing 
the standard splash plate type main stage fuel spraybars with special air 
blast spraybars. The air blast spraybar consisted of two 6.35-mm OD tubes. 
The front tube carried fuel Injected through two 0.635-mm orifices angled 45* 
aft. Unheated 650 kFa air was injected from two i.32-mm orifices In the rear 
tube, angled 45® forward iind aimed to impinge on the fuel jets. 


3,3.6 C onf igura t ion b 

Configuration 6, illustrated in Figure 9, represented duct burner (Concept 
2 using a cuntraJ pilot with swept radial main stage f lameholders. Both the 
upper and lower i lameholders wt?re located at Ihe same axlaJ station, with a 
burning length of about 600 mm. 

Main stage carbureLlon was jtrovided by standard radial splash plate 
sprayl)ars loi'ated 200 mm ahead of the f lameholders. 









Conf iKuratlon 6 wua with an uxcenaion fitted to tho pilot burner 

cowl. TIiIh extonalon movod tho pilot air intake upstream to a point ahead of 
auxiliary fuel Injoctore located In the test rig Inlet bellmouth. Thu cowl 
extension and upstream fuel injertora were used for derivatives of Configura- 
tion (> but were not used In testing Configuration 6 itself. However » con- 
striction of the main stage airflow paat the upstream injectors Increased the 
main stage air passage pressure drop, causing additional air to be diverted 
through tlie pilot. 

The pilot was modified In an attempt to Improve its stability and thereby 
reduce combustor resonance. All dilution holes were closed, and one-fourth 
of the secondary swirl or passages were blocked. The net effect of the pilot 
modification and tlie pilot cowl extension was estimated to be a reduction in 
pilot airflow from 10/J to 9% of the duct burner airflow under the liners at 
the flameholder station. 


3.3.7 Configuration 7 

Configuration 7 (Figure 10) was derived from Configuration 8 by adding a 
throttle plate to the pilot cowl air Intake and removing the unused radial 
splash plate spraybars. The resulting configuration included a central pilot 
modified by closing all dilution holes find one-fourth of the secondary 
swlrler passages, swept radial main stage flameholders at the same axial 
station, and a pilot cowl that extended upstream Into the test rig inlet 
bellmouth where main stage fuel was Injected from circumferential splash 
plate spraybars. Only the lower passage spraybar was used in testing 
Configuration 7. 

The pilot intake throttle plate contained five 28.5-nun diameter holes. 
Its function was to balance the main stage air passage pressure drop caused 
by the circumferential spraybars. so that the pressure drop across the pilot 
liner would be in correct proportion to the pressure drop across the main 
stage flameholders. The pilot airflow was estimated to be 7 % of the duct 
burner airflow under the liner at the flameholder station. 


3.3.8 Configuration 8 

Configuration 8 (Figure 11) was geometrically Identical to Configuration 
6. The difference between the two was the injector used for the main stage 
fuel. In Configuration 8. the main stage fuel was Injected from circumferen- 
tial splash plate spraybars located In the teat rig Inlet bellmouth 590 mm 
upstream from the flameholders. The spraybar configuration was linearly 
scaled from the standard splash plate spraybar design (Figure 4) to 
a spraybar diameter of 9.5 mm. The fuel orifices were spaced 29 mm apart 
along the bar. A pilot cowl extension waa used, as shown in Figure 11, 
to prevent main stage fuel from entering the pilot and to provide high air 
velocity past the spraybars. 
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Vai>or I'lu'l Hpraybarti located .jurtt; ahead oT the circumferential aplash 
plate Hprayharn and Hlaitdard radial apraybars located further downstream were 
lUHtalled diirinp, the ti>Hlln(» of Configuration B but were not used. 


Configuration *) (Klgure 12) was geometrically identical to Configuration 
10. i’or Conf Jgurat Jon 9, tlio fuel was heated to 590 K, a temperature calcu- 
lated to fully vaporize the fuel at burner preseuretand in.iected from one (the 
lower) or both of the circumferential vapor apraybars located in the test ri<t 
Inlet bellnioutli. Kach apraybar contained two rows of l.i-mm orifices spaced 
n mm apart, directing fuel jets normal to the airflow. The circumferential 
Hplash plate spraybars used for liquid fuel were retained just downstream of 
the vapor ftiel spraybars but were not used. 


3.3. 10 Configurat ion 10 

Configuration 10 was derived from Configuration 7 by adding a narrow (6- 
mm wide) crossfire gutter at the downstream end of the upper swept radial 
f lameholders, next to the liner, as shown in Figure 13. The Intent of this 
modification was to promote the burning of a streak of raw fuel previously 
observed near the liners. 

configuration 10 thus included a central pilot, modified by closing all 
dilution holes and one-fourth of the secondary swlrler passages, and 
equipped with an extended cowl with a throttle plate at the Intake, and 
Concept 2 swept radial f lameholders at the same axial station, the upper one 
of which was equipped with a crossfire gutter next to the liner. Main stage 
fuel was injected either from the upper circumferential splash plate spraybar 
only, or from both upper and lower spraybars equally, at different test 
points. 


3,1. 11 Conf Igurat io n J 1_ 

Configuration ll, liluscrated in Figure lA, repiesonted duct burner 
lloncept i with a ctMitral pilot stage and circumferential main stage flame- 
holders. The upper fiameiiolder was dieplaced 180 mm downstream from the 
lower f lameliolder, with the upper pilot cowl and liner extended .accordingly. 
Upper liner cooling slots ahead of the flameholder were covered. The upper 
f lameliolder was huag from the upper liner by hooks of a length to maintain 
the f iameholdor-to- I Iner gap at 11 mm. The lower f lameholder-to-liner gup 
was 9 mm, maintained by a spring and standoff arrangement similar to 
Configuration 1. burning length from the lower main stage fiumuholder to the 
tunnel exit was about bOO mm. 
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The pilot cowl wuh not fitted with an upstream extension. The pilot 
dilution holes were closed, but all secondary swirler passages were left 
open. 

Main stage fuel was Injected from standard splash plate spraybars 
located as shown in Figure 14. 


1.3.12 Configuration 12 


Configuration 12 (Figure 15) was derived from Configuration 11 by adding 
a splitter plate to delay the mixing of lower liner cooling air with burning 
gases from the lower main stage flameholder. Configuration 12 thus re- 
presented duct burner Concept 1 with a central pilot and circumferential main 
stage flameholders , the upper of which was displaced 180 mm downstream from 
the lower. Main stage fuel was injected from standard splash plate spraybars 
located abreast of the pilot swirlers. 
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A. 1 Pressure Sector Teat Ria 

The duct burner test configurations were evaluated in n rectangular 
sector test rig. The rectangular duct (duct burner housing) had a 19A- by 
432-mm cross section and housed the inlet bellmouth, the cooling liners, and 
the duct burner assembly. The duct was enclosed In .in 860-imn diameter pres* 
sure vessel designed to permit tost operation up to 310 kPa gage pressure. 

The enclosing vessel was fabricated In three pieces to iacil.ltate assembly of 
Che duct and service leadouts for instrumentation, fuel systems, cooling air, 
etc. An adapter plate was utilized at the Inlet section of the test rig to 
provide attachment to the test cell air supply. The inlet bellmouth extended 
forward of the adapter plate Into the air supply pipe. The rig exhaust 
section, including a water quench section, was designed for attachment to the 
test cell exhaust ducting. A sketch of the assembled pressure tank is shown 
In Figure 16. 

The pressurizing tank completely encapsulated the duct burner housing 
and all of its service requirements, such as thermocouples, fuel injection 
manifolds, igniter components, gas sampling traversing probes, and slave 
cooling air systems. To prevent damage in the event of a leak from a fuel 
line or manifold, the pressurized space between the augmentor duct and the 
pressure vessel was purged with steam. A baffle was placed at the exliaust 
plane of the augmentor duct to limit recirculation of exhaust gases Into the 
purged cavity. The fuel lines leading through the inlet adapter plate to 

the injectors located in the Inlet bellmouth were double-walled conduit, with 
the space between walls steam-purged and vented into the pressurized space 
downstream. Provisions were made in tlie design lor sealed access ports 
through the forward section of the pressure vessel for all required electrical, 
gas, and liquid service lines. Additionally, a sealed traversing rod was 
provided to allow traversing of the combined ti»tal pressure and gas sampling 
probes across the burner exit plane. 

Tlie Lest rig was mounted on two dollies. The forward seel ion of the 
pressurizing tank, tlie front adapter plate, and the duct, burner housing 
assembly initially were mounted in the forward «lolly. All burner service 
connections were checked for leaks, I'lectricul continuity, etc. before the 
second section, mounted on tlie aft dolly, was instulled. 


4,2 Services 

Air was supplied to the tost rig compressed and heated to conditions 
fully representative of the baseline englm- tun discharge air stream. 
Compression was accomplished by centrifugal compressors wltli water-cooled 
aftercool ers. Heating was done after ci'inpress ion In a nonvltlatlng In’Ot 
exchanger. Temperature control was accomplished by bypassing the heater with 
part of the airflow, which was mixed wltli heated air before being metered to 
the test rig. Air humidity was not controlled. 




Uiilu'.iti-'d auxiliary air wau uf?t*il for rooJ Iiik tli..* atu^or und wall liners. 

The airflow to tlu* two liners was roKuloted at 2,86 kg/.s per megapascal of 
test pressure. Of this, about 18'/. was l)lod Into the burner as film air, and 
the rest was dumped from the aft end of the panels Info the exhaust chamber, 
Auxiliary air was also used for protection of the dynamic pressure transducers, 

JP-5 fuel from hulk storaKe was pressurized by a positive-displacement 
pump, then distributed to the various fuel manifolds through a system of 
control valves and redundant flowmeters. The fuel system Is shown schemat- 
ically In Figure 17, Nitrogen was used to purge residual fuel from the lines 
and manifolds after system shutdown to avoid coking of spraybars and nozzles. 

For one configuration (Configuration 9), the fuel heater shown schemat- 
ically in Figure 17 was used to vaporize the main stage fuel. For this 
configuration, all main stage fuel was drawn from only one of the two main 
stage fuel systems. Initial heating was done In a steam heat exchanger. 

Final heating was done In an air heat exchanger by an unvltiaCed hot auxiliary 
air supply. The fuel was maintained at supercritical pressure in the heater, 
then flashed to vapor across a throttle valve downstream. The vapor fuel was 
piped directly to the vapor fuel Injectors, one of which could be turned off 
by a gate valve when necessary. 

City water supplied from high pressure centrifugal pumps was used to 
quench the combustion gases at the burner exit and also to cool the burner 
exit survey rakes and the dynamic pressure gages. 

The quenched exhaust gases passed into the exhaust ducting through a 
butterfly valve ("blast gate") used to regulate the test rig pressure. From 
the exhaust ducting, the gases were released to the atmosphere through a 
silencer. 

Steam for purging dead spaces within the pressure vessel, for heating 
fuel, and for tracing gas sample lines was supplied saturated at 1.0 MPa 
pressure. 

Ignition energy was supplied from an aircraft engine type of capacitor- 
discharge ignition exciter. 


U , . j In s t rument at! on 

The various airflows were metered by ASMK standard thln-plate orifice 
flowmeters. The heated teat air was measured downstream of the temperature 
and flow control valves using a 177.17-mm orifice in a 60'J-mm ID pipe. TIk’ 
auxiliary airflow to the sector end wall liners was measured by a Ijl.lb-mm 
orifice in a 102-mm pipe. Airflows war*' calculated from the measured 
pressure drops across these orifices using the procedures of Reference 3. 
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Figure 17. Fuel System Schematic 
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Fuel flows were measured by turbine-type flowmeters, .‘allbrated within 
six niont iH liy time and wuJKht methods uslnu the same fuel type as used Jn the 
test. Ihe measured flows were correeted for variations in fuel specific 
ttravUy. riowmetur speed was measured by an electromagnetic pickup, which 
produced an electrical signal with a frequency proportional to meter speed. 

Temperatures were measured with metal-sheathed chromel-alurael thermo- 

T’. measuring gas tempera- 

tures, tl»e sheaths were sealed over the therm<»coup]e junctions to protect 

them. F.ir measuring structure temperatures, tl»e sheaths were stripped back 
for a short distance and the thermocouple wires spotwelded directly to the 
metal surface. Thermocouple signals were referenced to a single controlled- 
temperaturc bath, and the calibration and zero signals were processed througli 
the same bath. Ihe alloy-to-copper junctions were made in a stabilized 
thermal sink and the output of the low-level switch was processed through 
the same sink and then referenced to the controlled reference temperature 
before going to the low level amplifier and analog-to-dlgltal converter. 

Tlme-ayeraged pressures were measured by electrical transducers con- 
nected to the test rig through scanning valves. (Jas stream total pressures 
were measured by simple impact tubes aimed against the expected flow dlrcc- 
tion. Static pressures were measured by tubes attached to small holes 
drilled perpendicularly through the duct wall. 

Axial measurement stations were designated by their distance in centi- 
meters from the front edge of the inlet hellmouth. 

The duct burner inlet total pressure and temperature were measured by 
two rakes located in the inlet bellmouth. I!ach rake spanned the 160-mm 
radial height of the duct, and contained four total pressure tubes separated 
by three thermocouples. ^ 

The pilot fuel nozzle pressure drop was defined ns the pressure dif- 
ference between the fuel pressure In the lino outside the ]>res8ure vessel and 
the average stream total pressure at the augmentor exit plane. The main 
stage fuel Injector pressure drop was taken as the difference between fuel 
line pressure and average augmentor Inlet total pressure. 


lest air humidity was measured by an on-line moslture monitor wiilch 
provided a omtinuous Indication of the dew point of an air sample drawn from 
the supply ducting aliead of the test rig. Ihis meter was used for Configura- 

configurations, the air humidity was 
ussumed to be 3 .j 7 g/kg tor diita reduction |)urpoBes» 

Dynamic pressure was measured at up to four locations In the sector lest 
rig by piezoelectric crystal transducers (Kulltes). The transducer Insralla- 
tion is Illustrated In Hgure 18. Tie installed package consisted of an 
adapter section, a coolli.^ unit, an eiclosure, an Infinite line, and the 
transducer. Tlie adapter section, from the point of entry into the augmentor 
chamber to the face of the transducer, was the same for all units. The 
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fuiiKtiitU Standoff diritaiu’o was nonoSHary to synchroniito pliasing, l.o., the 
pliaHu t'lianna through oaoh standoff tube* was constant provided the air tempera- 
turo was tim same In oaoh tube. The standoff tube separated the transducer 
from the hot oumbustlon chamber, and the cooling unit prevented overheating 
of t)iu air through which the dynamic pressure si,,nal passed between the 
combustion chamber and the face of the transducer. Since the transducers 
were located within the steam-purged cavity, air passing through the en- 
ciosure further cooled the temperature-sensitive crystal. The enclosure 
provided protection from e^iternal shocks and handling. The 12-meter infinite 
coil allowed attenuation of ail dynamic pressure signals and was scaled to 
backpressure the signal passage. The transducer’s electrical signals were 
displayed on oscilloscopes and recorded on magnetic tape. 

The four dynamic pressure sensing points were: 

1. Inside pilot cowl, on sector endwall, adjacent to the pilot 
swirlers. 

2. Inside pilot liner, on sector endwall, 50 mm downstream of pilot 
dome. 

3. Upper main stage liner, 368 mm from exit, 89 mm off sector center- 
1 Ine . 

4. Sector endwall liner, 137 mm from exit. 

Configurations i and 2 contained only points 1 and 4. In Configurations 
4 and 5, the sensing tube at point 4 did not penetrate the endwall liner. 

The duct burner exhaust gus composition and total pressures were 
measured using two exhaust gas sampling rakes, each containing seven sampling 
elements and attached to a common traversing bar. The two rakes were tra- 
versed across the long dimension of tlie duct exit, and measurements were 
taken at the discrete locations sliown in Figure 19. All performance data 
were based on measurements in the proximity of the center o the exit cross 
section, and thus there was reasonable assurance Chat the performance measure- 
ments were free of effects from tlie sector endwalls. 

The exhaust gas sampling probes were double- jacketed to provide steam 
heating of the sampling lines and water cooling of the probe housing. The 
sampling lines were steam-heated to maintain gas sample temperatures high 
enough to avoid condensation of hydrocarbons prior to analysis. An illustra- 
tion of the sample probe construction is shown in Figure 20. 

The sample line from each rake element was routed to a heated valve box 
containing manually-operated valves by wliich each element could be connected 
to the gas analy?.ers Individually, or several elements could be manifolded 
together for analysis. The valves also permitted the sample lines to be shut 
off for total pressure measurement, or routed to the smoke measurement 
console. 
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The exhaust gas emlsHions data were obtained with an on-line gas analysis 
system. With this system, exhaust gas streams were continuously processed 
and the CO 2 , CO, HC, smoke, NO, and NO, concentrations calculated. A flow 
diagram of the system is shown In Figure 21. The four basic instruments for 
measuring gaseous emissions concentrations in this on-line system were a 
flame ionization detector (FID) for measurements of the total HC concentra- 
tions, two nondispersive Infrared (NDIR) analyzers for measurements of the CO 
and CO 2 , and a heated chemiluminescence analyzer for measuring NO and NO 2 . 

The flame ionization detector was designed specifically for determining 
the total HC concentrations in gas turbine engine ehxaust gases. It consisted 
of a heated inlet sample line, an ionization analyzer module, and an electro- 
meter amplifier module. 

The nondispersive Infrared (NDIR) analyzers used a double-beam optical 
system to measure the differential absorption of infrared energy. An ice- 
bath water trap was Installed upstream of the analyzers to provide dry 
samples for analysis. The two analyzers used had different reference 
absorption cells, one for CO reference and the other for CO 2 reference. 

In the chemiluminescence analyzer, the NO in the sample gas was measured 
directly. The internal temperature of the analyzer flowpaths was controlled 
at about 328 K to prevent moisture condensation within the system. The 
measurement of the total NOx concentration of the exhaust gas was accomplished 
by use of a thermal converter. This is a device that reduces NO 2 in the gas 
sample to NO and oxygen as a result of heating the sample to a prescribed 
temperature for a given period of time. When the sample leaving the 
converter la passed through the NO analyzer, a reading is obtr.ined that is 
equal to the NOx concentration (the sura of the newly-formed NO plus the NO 
present in the original stream) . 

None of the foregoing gas analyzers measured quantitatively without 
being calibrated. There is no electrical calibration signal that can be used 
to simulate an actual reading, such as millivolt simulation for temperature 
in the case of thermocouples. The standard General Electric analyzer 
caliurdClon procedures were used throughout the program. These calibration 
procedures Involved the use of calibration gases having nominal concentra- 
tions of CO, NO, NO 2 and propane in nitrogen and oxhgen mixtures which were 
obtained from an appropriate vendor. The vendor prepared the mixture of the 
gases by the use of partial pressures or gravimetrically and then analyzed 
the gas in the bottle. The precision of the calibration procedure was 
obtained by requiring the supplier to guarantee that all of the constituents 
In the bottle were within five percent of the nominal value specified and 
that the accuracy of the analyses met the following criteria: 

Constituent Concentration Range Analysi s Accuracy 

t 2% Relative 
± 3% Relative 
± 5% Relative 


iO - 15Z 
50 ppm - 10% 

10 ppm - 50 ppm 
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Figure 21. General Electric On-Line Exhaust Emlasloll 
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In addition, helium, argon, and other impurities were held to a minimum 
and were to be listed in the chemical analyses if over 10 ppm. 

The zero on each NuIR Instrument was set by using dry nitrogen which had 
been checked for the absence of H2, CO, CO 2 , and NO. All of the NDIR dual- 
cell Instruments had three full-scale ranges per cell, which made a total of 
six scale ranges available. The CO 2 analyzer was a single-cell instrument 
having only three scale engine ranges available. The first range ras the 
least sensitive, the second stage could be set up to three times the first 
range, and the third range could be set up to nine times the first range. 

The zero of the FID analyzer was set by using ultrapure breathing air. 

Smoke emiasions were measured using the standard General Electric filter 
stain method. With this method, a measured volume of sample gas is drawn 
through a filter paper. The smoke particulates filtered out of the sample 
gas leave a black stain on the white paper. The "blackness” of the spot is 
measured on a reflection densitometer. The densitometer is calibrated 
against absolute reflectance standards. Readings are converted to a sample 
flow flux of 0.0016 kg of exhaust gas per square cm of filter paper before 
computing to provide a smoke emission value in terms of SAE Smoke Number. 

The entire smoke measurement system Is packaged into a portable console that 
also contains a pump, control valves, and flow metering devices. A flow 
diagram is shown in Figure 22. This smoke measurement technique is in 
conformance with SAE ARP 1179 (Reference 4). 

Throughout this program, the combustor test data (except smoke emission 
data) were recorded by a digital data acquisition system. This apparatus 
scanned each of the measured parameters in sequence, controlling the position 
of pressure scanning valves when required, converted the amplified DC signal 
of the measurement to digital form, and recorded the value on a perforated 
paper tape suitable for input to a time-sharing computer through a teletype 
terminal. During each scan, the overall voltage accuracy was checked against 
a precision potentiometer that had been calibrated in the standards labora- 
tory. The digital voltmeter and low level amplifier were of sufficient 
quality that voltages were accurate to 0.02 percent of full scale in the 0 to 
10 millivolt range. 

All connections between data sensors and readout instrumentation, and 
all programming of the sequencing and control circuitry, were accomplished 
through interchangeable program boards. The test setup Included Its own 
prewired, preprogrammed front panel for rapid changeover from one circuit 
configuration to the next. A schematic of the data acquisition installation 
setup is shown in Figure 23. 
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Figure 22. Test Cell Data Acquisition Schematic 
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5.1 Test Methods 

The methods described below are typical of those used in this program. 
Variations occurred from configuration to configuration as techniques were 
improved or test emphasis shifted. When these variations affected the test 
results, they are noted where the results are reported. 

Preliminary procedures prior to each test included a "pressure check" 
in which the blast gate was closed and sufficient unheated air was admitted 
to the test rig to pressurize it. All pressure measurements were then 
recorded and examined. With little flow, the pressure throughout the test 
rig was known to be essentially uniform, so that any pressure measurement 
deviating from the others Indicated an instrumentation error, which was 
corrected before proceeding. 

In each test, the airflow, temperature, and pressure were established 
prior to introducing fuel to the test rig. The pilot fuel flow was always 
established and ignited before the main stage fuel was admitted. Changes 
in fuel flow required changes in blast gate position to maintain burner 
inlet pressure at specified values. When changing air conditions, the main 
stage fuel was usually turned off. 


5.1.1 Ignition Tests 

All duct burner ignition tests were performed at the air temperature 
and reference velocity of the "altitude relight" operating condition (Table 
111). Most tests were performed at a pressure slightly lower than the 142 
kPa of the altitude relight condition to relieve the necessity of manipulating 
the blast gate when ignition occurred. 

^ To conduct the test, the airflow and temperature were established with 

the blast gate open. Then the spark igniter was turned on and the pilot 
fuel flow increased slowly until ignition occurred. Ignition was detected 
by displaying pilot fuel flow. Injection pressure drop, and several pilot 
liner surface temperatures as a function of time on a multichannel strip- 
chart recorder. Ignition appeared as an abrupt Increase in liner temperature. 
When ignition occurred, the igniter was turned off, the fuel Mow was held 
I constant, and an instrument reading was taken with a manifolded g.is sample 

as described below. This reading documented the fuel/air ratio and tempera- 
ture rise at ignition. 


5.1.2 A tmospheric Pressure Performance Tests 

lor some configurations, combustion performance and emissions were 
measured at air temperature and reference velocity corresponding to the 
supersonic cruise operating condition (Table III), but with the exhaust 
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system blast gate left open, so that the duct burner pressure was essen- 
tially atmospheric. The reasons for using this expedient teat method were: 
test conditions could be established more rapidly, since the blast gate 
need not be adjusted when the exhaust gas temperature was changed; and 
resonance, when encountered, was not as destructive as at liigh pressure. 
Atmospheric test data were used to evaluate the relative effects of changes 
in burner fuel/air ratio and fuel staging on performance parameters, in 
order to select operating conditions for subsequent evaluation at full 
pressure. 

The test condition was set by establishing air temperature and flow at 
predetermined values. The airflow was determined from an a priori estimate 
of the duct burner pressure drop. The pilot fuel flow was ignited and set 
at the desired value; then one or both of the main stage fuel flows were 
set, as required. The exhaust gas sampling rake was back-purged with air 
during adjustment of the teat conditions to avoid loading the sample system 
with unburned fuel. 

When all test flows were stabilized, the exhaust rake assembly was 
moved to a position where the left rake (aft looking forward) was lAO mm 
from the left sector endwnll and the right rake was 254 mm from the wall, 
and all sample valves were turned off. All flows, temperatures, and pres- 
sures were then recorded, including the total pressure measured by the 
rakes, and the dynamic pressures. The gas sample valves were then manip- 
ulated to manifold all elements of one or both rakes together, and the 
resulting gas sample was directed through the analyzers. When the analyzers 
stabilized, the gas analysis parameters were recorded. 


5.1.3 Full Pressure Performance Tests 

Tests at full pressure were performed In a manner similar to that of 
the atmospheric pressure tests, except tliat the exhaust system blast gate 
was adjusted to provide the specified duet burner inlet total pressure. 

For some test points, gas s.-»mples were drawn from several or ail of the 
rake elements simultaneously and manifolded together for a single analysis. 
For selected test points, the sample from each rake element was analyzed 
Individually to provide information on the gas composition profiles in the 
exhaust stream. The rakes were traversed between analyses so that the 
sampled points formed a pattern across tlie exhaust stream. The sampling 
patterns are described below. In each case, the rake total pressure measure- 
ments wore made before beginning the analysis, with the rakes in a single 
position. 

For the points in which the samples were individually analyzed, a 
smoke sample was also drawn from all elements of one rake, manifolded, 
located 254 mm from the left endwall of the sector (aft looking forward). 
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5.1,4 Cas Sample Survey PacternB 

Tha patterns in which Individual and manifolded aamplea were drawn 
from the duct burner exhaust stream changed from time to time during the 
program as better test techniques evolved. The various patterns used are 
indicated schematically in Figure 24. The exact location of each sample 

be obtained from the rake stop diagram shown previously, Figure 
19. The specific pattern used for each data reading Is given In the test 
summary table in Section 6.0. 

5,2 Emissions Data Reduction Procedure 

The voltage responses of the CO, CO 2 , HC, and NOx analyzers were 
recorded at each traverse position of a test condition by the test cell 
digital data acquisition system. These data were then transmitted directly 
to an on-line data reduction computer for calculation of the exhaust emission 
concentrations, emission indices, combustion efficiency, and fuel/air ratio 
of the gas sample at each traverse position. The equations used for these 
calculations were basically those contained in ARP 1256 (Reference 5). 

emission parameters were calculated, the concentra- 
tlon. of CO. C 02 , HC, and NO, wara datemlnad from tha gas ^anpla aaasur"- 
ments. The true concentrations of these constituents, however, were not 
necessarily those measured by the analyzers, due to the removal of some of 

rn! various samples before analysis. Samples for the CO and 

CO 2 analyzers were measured "semi-dry"; that is, the sample was passed 
through a 27J K ice bath in which the water content of the sample was 

5r g water/kg air (or 0.00602 moles/mole). The samples 

for the HC and NOx analyzers were measured "wet", with no water removL 
before analysis. A step-by-step discussion of the emissions calculation 
procedures used for all the data reduction is presented below. 

beginning of each test, each of the four gas analyzers was 
calibrated over three overlapping concentration ranges, using gas mixtures 
of known composition. For each range of each instrument, the millivolt 
response of the Instrument to a given concentration of its particular uus 
was characterized by a calibration equation, the coefficients of which were 
evaluated by a least-squares fit of the calibration data. During most of 
the program, the calibration equations were of the form: 


Concentration - Ai x (Millivolts - Aq)^2 


(la) 


Twelve sets of values of the coefficients Aq, Ai, and A 2 were derived, 
epresentlng three ranges for each of four instruments. Note that when 
In is linear. The responses of the CO and CO 2 analyzers, 

i luer^f concentrations, so that appropriate 

bratlLf Ltt represent the instrument cali- 

brations. Part way through the program, an alternate calibration equation 
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Pattern 1 


Pattern 2 


Pattern 3 


Pattern 4 



Pattern 9 Pattern 10 Pattern 11 Pattern 12 


Pattern 13 

Pifjure 24. Gas SaiTj^^' Survey Patterns, 



wa« adopted, which could be fitted more closely to the calibration data for 
high concentrations of CO and CO 2 . The alternate form of thrcalibrJtion 
equation, used for Configurations 9, 11 , and 12 was: calibration 


Concentration ■ - — - Millivolts ■» Aq 

Ai + A 2 (Millivolts - Ao) 

Note that this equation is also linear when A 2 - 0, so that the chanse of 
The concentrations of CO and COo. calculsteH fmm , 


100 + 


100 

1.00602n /CO 
2 I la 


(l5T + “ 2 ) 




200 - V (1 4 . 

- » U. -Kd yn A 1.00602 cox 

' 2 I' io 5 — ) 


tl™! '““•"tMtloM •« the meeiured (eeal-dry) i tr.- 


<oo)^. • x.ooeoa x kw x (co) 

*•* aeeaured (semi* dry) 

(C0«)^^ ■ 1.00602 X K« X (CO^) 

* »•* 2 xeesured (scml-dry) 


xeeeured 




(NO > 

x'neasured 


«*^centratlone were converted to wet concentrations fi 
quationa 4 through 7, the respective emission indices, sample fuel/air ratic 
and combustion efficiency were calculated from the follo^J^requaUoSsMJf 
concentrations refer to wet concentrations): 


2.801 (CO 


(12.02 4 1.008 n) 


0.100 (HO 


' 10^ * 10^ 

) 

4.601 

(H0„) 


lOO - 


o + Tj- CO^ («) 


- 0.2334 


X 100 


where the constant 0.2334 is the ratio of the heating value of CO to that 
of fuel. 

Since JP-5 fuel was used throughout these tests, a typical value for n 
(fuel hydrogen-to-carbon atom ratio) of 1.92 was used. 

These detailed equations (8 through 12) were used to calculate the 
emission indices, gas sample fuel/air ratio, and combustion efficiency at 
each sample location of a test condition. The overall average emission 
Indices, sample fuel/alr ratio, and combustion efficiency for the test 
condition was then determined by weighing the level determined at each 
traverse position, using the following equations: 
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( 14 ) 


- Cl - .0002334 . .001 X 100 (15) 

where the subscript i dtnotes the value of the quantity at each of the J 
traverse positions, and rb«> subscript X is used to denote CO, HC, or NO^. 

The quantities defined in Equations 13 through 15 were then designated as 
the average values for the specific test condition. 


The average burner exit total pressure was similarly determined froir. 
values measured at each rake element: 



(16) 


Burner Inlet total presaure and temperature were measured by rakes 
located In the Inlet duct. The Individual pressure measurements were 
averaged by Equation 16 and the temperature measurements by: 



(17) 


Reference velocity was computed as the one-dlmenslonal velocity of the 
heated duct burner Inlet airflow through the effective area of the empty 
test duct (0.0823 m^). 

The burner exit temperature was computed from Inlet temperature and 
pressure, average fuel/alr ratio, and combustion efficiency, using standard 
thermodynamic calculation procedures for dissociated combustion products. 
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5,3 Effects of Test Air Humidity on Measured NO^ Emlaslona 

The test air humidity was measured on Reading 113 and all subsequent 
readings. On earlier readings, the dew point meter was not available, so 
the air was assumed to have a humidity of 3.57 g water per kg dry air. 

The emissions for Reading 113 were calculated using both the measured 
and the assumed values of air humidity In the formula for including the 
water removed in the Ice trap ahead of the CO and CO2 analyzers (Equation 
3). The assumed humidity produced a mean sample fuel/alr ratio of 0.022S9 
and a NOx emission index of 1.09, as reported In Table VIII. The measured 
humidity was 7.31 g/kg, which produced a mean sample fuel/alr ratio of 
0.02246 and a NOx emission index of 1.10. 

The test air humidity was, in general, different from the humidity of 
the air that the engine would ingest in flight. The humidity difference 
might be expected to Influence the NOx emission of the burner by reason of 
its influence on the rate of generation of NOx in the flame. A correction 
is frequently applied to main combustor NOx data to adjust the measured 
value to the value expected at standard takeoff humidity conditions 
(Reference 1) : 


<®*MOx^Std “ ^®^KOx>Meas 

The highest measured humidity was that of Reading 113, 7.31 g/kg, 
which would have produced a correction factor of 1.019 by Equation 18. A 
similar correction derived for the dry air encountered at high altitude 
would have been 1.147 for this test air humidity level. The lowest test 
air humidity measured in subsequent tests was 0.59 g/kg, which would have 
produced a takeoff correction factor of 0.898. Since these corrections 
were not large, and since they could not be uniformly applied because the 
dew point meter was unavailable during the first part of the program, the 
data reported here have not been extrapolated to standard atmospheric 
humidity. 
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6.0 TEST RESULTS 
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program Is presented In Table V. The Information 
presented Includes the data readings taken on each duct burner test con- 
figuration, the flight conditions simulated (see Table III), the types of 
measurements made, the exit survey pattern (from Figure 24) where appli- 
cable, and comments pertinent to interpretation of the data. 

1’““'*"?'’“ ‘•'f' the reeult. of the en.le.lone meeture- 

th2 ? tonflgutatlon are preeented along with a brief narration of 

the test event., Subeequently, the measured Ignition characteristics the 

“““ “ per?o":j:;;cteri.. 


6.1 Pollutant Emissions 

Exhaust gas sampling for emissions determination was done by two 
different methods; point sample surveys and manifolded samples. In the 

1 distributed across the stream, and the results of the indi- 
the were averaged to determine overall performance. In 

the manifolded sample method, samples from some or all of the rake elements 

f««ter. as the number oHas 

analyses required for each reading was less; but the accuracy of the measure- 
ment is not regarded as highly, because the averaging across the exit 

^ function of the flow coefficients of Individual sampling 
elements, which were not well controlled. ^ * 

bv emissions performance of all configurations, as measured 

fL method, is presented in Tables VI, VII, and VIII 

takeoff, transonic climb, and supersonic cruise flight 

nr«« i tables, and TT6 are the total® 

lnl!r temperature measured by rakes located 60 mm from the duct 

Jhi previously. DP/P is (PT6-PT148)/PT6, where PT148 is 

LINER»^valu^! mm from the duct inlet). The ”F/A UNDER 

LWCR values are the ratios of the indicated measured fuel flows to that 

fhaSrf measured airflow exclusive of the main stage liner cooling air. 
he fraction of the total airflow by the main stage liners was estimated 

mnL«d fof pressure drop 

A smoke sample was drawn from the duct burner exit survev rakes durino 
performance was measured by the point sLple survey 
method, and these samples showed very low smoke emission levels for all ^ 
conflguretloee. Only two of tb. .woke eewpi., SAr.«okrn«ber. 
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1 J 4 7 SS Cruise Pressure Perf 

125 7 SS Cruise Pressure Perf, 

126 ■ 7 SS Cruise Pressure Perf 

127 I 7 SS Cruise Pressure Perf 
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Table VI, Data Sunsnary, Point Sample Surveys at Full Pressure, Sea Level Takeoff Operating 
Condition. 
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OHIOINAI, PAGE I& 
OP POOR GUAim 


A 


>>ri'iUfr than 1.0. ()nt> of thoao waa RoadliiK 21, <’«)itf l>«ur.it .'.m 
tlu' st a lovol takiotl 4)i>orat ft)nditlon. Tlu- inuasurrU Hiiiokt- 

h.‘l. Tiu' otlior aampk- waa Ri‘adJnn 7-'*, Conf iKuratlon 'j, a>iaJn 
Lakuof f. Tlu> .smoke number was 1.7, Botli of these values wen.- 
the goal of 15, 


2, lestec! .tt 
mtiiilii'i was 
at sea li*VeJ 
well lie low 


6.1 . I 


Conf Jguraciun 


(,onl lj{urat.ion I, belli}' the first tested, ondurtd more than Its share 
of experimental difficulties. Rake damage was discovered after Rending 10. 
iiie two lower sampling tips on one rake and the three lower tlp.s on liie 
other wore burned away, and three other tips were damaged. This water- 
cooled rake, which had been used in previous test progr.-ims, did not show 
any del Iciencies In its pretest checkout. The rake was repaired .and sur- 
vived tlic remainder of the program undamaged. The fuel pressure in the 
lower main stage spraybar.s w.is abnormally high during all tests of 
Configuration 1. Visual checks indicated one or two .spraybars not flowing, 
located in the corners of the sector. The problem was subsequently traced* 
to a tight fit of in~llne strainers used in the manifold pigtails, and v.ns 
c...rected by the use of tubing with thinner walls. 


Pilot fuel nozzle clogging was also experienced. The test facility 
fuel system was unable to .supply enough floe for full simulation of the sea 
level takeoff condition, so these points were tested with proportiona 1 1 y 
reduced air fJow and pressure. 


The rake actuation mechanisms failed during Reading l-i.. Kcarlim-,s 15 
and 16 were taken witli the rake fixed In one position. 


Inspection after Reading 17 revealed substantial damage 
configuration, presumably due to resonance. The flameholder 
were flattened, cracked, and nibbled. Half the lower spring 
and recovered from the test rig exhaust section. It appeare.l 
flame awhile, then impacted a rake or quench bar. The lower 
liner was distorted in the center near the flameholder. The 
fuel nozzle wa.s missing its air shroud. The pilot burner was 
the cooling air metering holes of tlie second panel, upper an.I 


to ti'.e te.st 
gap springs 
was torn .iwav 
to haVi- iif ld 
m.-lin staio 
center jjj.lot 
ripped .ilonp 
! ■ 'We r . 


kinlsslons measurements made by the point .sample .survey metiiod were 
shown previously in Tables VI through VJll. Measurements made with n,auUoUl 
samples are presented in Table IX. Data from this tabic, representing the 
transonic climb flight condition, are plotted in Figure 25. Only combust ioi 
efficiency is plotted rather than CO and HC emission indices. Kfficlencv 
i.s related to CO and HC by liquation 15. At this condition, the pilot 
efilclency was near 9921, and the pilot NOx was less than 2 g/kg fuel. With 
the main stage operating near the estimated operating fuel/air ratio 
efficiency fell to 94 or 95%, and NO^ increased to near 3 g/kg. At Lhe .sea 

love., takeoff and supersonic cruise operating conditions, only Isolated 
data points were L.aken. 
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|»rnfi1uH •nuaHurt'd at thp trauarmlt: i’lliiil) i-ondJtliin arf fthnvm In FlKar*- 
?.(). Tltt* fuel (ilKtrlbutlim was nut uniform, due perhaps to ihe s])raybar 
eloKRlHB i-robVem. I’rofileH measured at the sea level take»)f f rendition are 
shown In Figure 27, This survey was Inromplcte, but the edne of a rlrh 
streak near the lower liner la evident, and the local NO^ emission Index Is 
abiive ;i,0 throughout the. stream. 

Profiles measured at Che supersonic cruise condition are slu'wn In 
Figures 2H and 29. These cw*> teat points differ primarily hy tlie pilot 
fuel flow. Since the cruise condition requires a low fuel /air ratio, only 
the upper main stage fjameholders were fueled. Some fuel la seen to have 
migrated, poorly burned, to the lower hal'' of the duct. High local NO^ 

Is associated with this loan, .inefficient region. 


6.1.2 Configuration 2 

Configuration 2 was tested at the altitude relight and the sea level 
condi-tions. At the design fuel/alr ratio of the latter condition, the 
duct burner emitted audible resonance, and a high dynamic pressure level 
was observed at a point 137 mm from Che duct burner exit. The main stage 
fuel flow was immediately reduced 20%, at which point the dynamic pressure 
decreased to a level judged acceptably low, and the resonance audibly sub- 
sided. After an exhaust survey was performed, the main stage fuel flow was 
turned off, then reestablished from alternate injectors located 200 mm 
farther upstream. Audible resonance was again apparent, and after a minute 
or so at this condition, the duct burner blew out and could not be relighted. 

Subsequent disassembly and examination disclosed severe damage to 
the pilot dome and liner. The air shrouds were missing from all five pilot 
fuel nozzles, and all swlrlers had broken loose. Fuel evidently had been 
released and ignited ahead of the dome, as one swirler was badly burned and 
a large hole was burned in the dome. The pilot liners were burned, broken, 
and buckled downstream from this area. Vibration damage was sustained by 
the f lameliolders, the second-stage cooling liners, the pilot cowl, and 
other test rig parts. 

Tlie point sample survey reading was included in Table VI, and the 
remaining data are summarized in Table X. The combustion efflcliincy was 
quite high (99%). The measured duct burner exit profiles ate shown in 
Figure 30. 


6.1.3 Configur at ion 3 

Preliminary testing of Configuration 3 was performed with the outer 
pressure vessel, quench section, and sampling rakes removed in order to 
facilitate audio-visual observation. The purpose of this technique was to 
explore the operating limits of the duct burner Imposed by resonance, under 
conditions where resonance would not be destructive when enemntered. The 
conditions tested are shown in Table XI. 
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act Bur'ier Exit Profiles, Conf igurstion 1, Reading 10, Transonic 
limb Conation. T = 443 K P = 213 kPa , Metered Oerall FA - 0.0432. 

















Figure 29, Duct Burner Exit Profiles, Configuration 1, Reading 16, Supersonic Cruise 
Condition, T = 593 K, P = 260 kPa, Metered Overall F/A ^ 0.0163. 
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i 


1 


1 


I 


I 


Scvnrt’ rosmianui.' w.ik apnamit at fiit'1/atr ration U>hh than oi'lniiially 
oRtlmatfti for tho noa It-vi l take-off upuratlnK condition. AlthouKli the 
number e.f dynamic pressure pickups iiad been increased for this test, Instru- 
ment malfunctions prevented full documentation of the resonance levels 
obnt-rved, lestinn ‘>f Ci»nf tyuration i was terminated .it this point in favor 
of Conf iKuratlon 4, in hopes that reduced resonance would result from use 
of the alternate sect(»r endwaJl liners tliat were installed for Configuration 
4. Configurations ’1 and 4 were expected to have identical 
performance. 


emissions 


1 lie emissions performance of Conf tfjuratlon 3 was not measured. 

6.1.4 Confl y urat Ions . A ^ 

hike Configuration 3, Configuration 4 was first tested without the 
outer pressure vessel, quench section, and sampling rakes, at the conditions 
indicated in Table Xll as Readings 29 through 34. The new endwall liners 
were audibly Judged to quiet the burner somewhat, but dynamic pressure 
measurements did not substantiate this judgement. 

Additional tests of Configuration 4 at atmospheric pressure were per- 
formed with the rakes and quench bars installed. At the supersonic cruise 
inlet temperature, emissions measurements were made over a range of total 
fuel/air ratios at two different pilot fuel flows: with only the lower 

secondary passage carbureted, and with both passages carbureted equally. 
Ihese data are included in Table XTl and arc ]»lotted in Figure 31, 

Although the emissions performance seemed to impro'-e with increasing fuel- 
air ratio, the duct burner could not he tested at fuel /air ratios higher 
than shown because of dangerous resonam:e amplitudes. 

based on these data, a pilot fuel flow 20Z higher than normal was 
selected for testing Configuration 4 at the full -pressure supersonic cruise 
condition, with only tiu- lower main stage flami-holders carbureted. Tl<e 
results are included ill Table VIU, shown previously, and the measured pi.^- 
flles are shown in Figure 32, J'he low coinbusl: Ion efficiency (96/) seemed 
to be due mainly to the uncarburetod upper fiameholder region. Lean and 


Inefficient regions, which also liad higl 
in the upper half of the tunnel. 


NOj. emission Index, were observed 


At the sea level takeol f temperature, few data were obtained because a 
low frequency (1 to 2 Hz) flow oscillation was encountered at atmospheric 
pressure which repeatedly blew out the burner. At fill I pressure, tlie 
iiiaxinium 1 tie 1 /air ratio that could he set without exeesslve 300 Hz resonam e 
was 0.036 (under the liner) with hoMi (.assages fueled. This was cons Idi-rali I v 
below the originally estimated oiieratLng fuel/air ratio of O.O'iO. Tiie 
profiles measured for Configuration 4 at this condition are shown in Figure 
13. The upper main stage fuel burned poorly with high local No^ emissions. 

Coiil iguratlon was derived rom Coni iguratlon 4 by replacing the 
standard splash pl.ite sprayhars with sprayhurs using air jets to atomize 
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the I'lifl. rrt'limJiiiiry tfHtlnK wa.s j)tTfoniu*d at atmoKpht-rli- pn-HHurt* and 
tilt* HiipiTHonJi’ crulH).* air » fiuperat urt*H . Tlu* rt>anltH aii* filmwn in Tahl«-' XIII 
and ploiti'd In FiKurv V\, KmlHrtl«ma wart* maaHurad by manifolded sampleH 
uHluK thrc-t- pilot fuel flown and a variety of main atap.e fuel and atomisslnK 
air eonflKuratlonn. In tenoral, the reaults compare i-lonely with thone of 
Conf Ip, oration 4. 

Tlire* fuel flow comhinatlonH were nelected for evaluation oi Coni Inura- 
lion 1 at f ul l-presHure supernonic crul.s»' conditions, usIuk slnple-poini 
sample surveys, in all combinations, only tlie lt>wer main stape f laimdioldiTs 
were carbureted, and the atomizing; air was on. The first twt) ct>mbinat ions 
used the nominal total luel/air ratio (0.020) and different i>ihtl fu('l 
flows. The third combination used a higher total fuel/alr ratio (0.02')), 

The results are included in Table VIII, and tiie profiles ai - plotted la 
KiKures I'), 3b, and 37. The highest efficiency and the lilghest NO^ level 
were produced by the liiy^hcr fuel /air ratio. At the lower fuej/air ratio, 
the fuel that migrated into the upper f lauieho Lder region was poorly burned. 
High local NOx concentrations were found In those lean, inefficient regions. 
A lean streak containing high HC concentration was present next to the 
lower liner in ail surveys. 

A, the sea level takeoff condition, the maximum saf ely-attalnable 
fuel/air ratio for Configuration 5 was 0.036 under the liner, about the 
same as for Configuration 4. The results of these point-sample survey 
measurements are included In 'fahJe VI, and the profiles are plotted in 
Figure 38. The upper main stage fuel was poorly burned. In Configuration 
5, the upper flamehoJders were located 110 mm downstream from the lower 
f lameholders, so tliat combustion length was shorter, and much more pilot 
liner film air was Iniected next to the upper flameholders, 

I’osttesL inspection showed damagi- to be limited to one ripped pilot 
Liner cooling slot, broken tack welds on two pilot swlrlers, and a broken 
film slot on one sector endwall liner. 


(). 1 . 1 clonfigura Lion s b tliroug h 10 

Tests of Configurations b through 10 are reported logetlK-r, as these 
conf igi'.ral Lons shared tbt‘ same basic pilot .'ind 1 1 ameholder designs. 

Preliminary testing of Conf iguru t ions b and 8 was performed willi the 
outer pressure sliell, quench section, and sampling rakes removed and the 
air temperature adjusted to tlie sea level takeoff value. Ihis testing was 
done to explore tlie fuel/air ratio ranges over which the migmenl or ei'old 
he opir.ited without excessive, resonance. The coiuHtl<'Us tested are listed 
iis Keiullngs 75 through VO In Tables XIV and XV. Neitlar coni igtiration 
could be operatid at tlie orig,lnally estimated sea level takeoff fuel/air 
ratio. 


Tlie emissions performance of Conf ig,urat Ions 6 and 8 was nu'asureii only 
at the supersonic cruise operating condition, mostly at atmospheric pressure 
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Table XIII. Data Summary, Configuration 5, Performance Measured from Manifolded Gas Samples 
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Figure 36. Duct Burner Exit Profiles, Configuration 5, Reading 72, Supersonic 

Cruise Condition, T = 596 K, P 264 kpa. Metered Overall F A = 0.0166. 
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witli [iiaii H o Idfd samples. 'Ilu' dal a art' llstial in Tablua XIV and XV and 
pln(U‘d in KlKurt'H and AO, With only t lu* nppi*r main stapa* f lam*dm IdiTw 
f carluiroli'd , t ht* td i i i* I cni’v p*'aki*d at a toial fnol/air rittio tmd«.>r tht* 

5 I liuT til about. 0.0^’.^ but tiu* NOx in*‘roast*d rapidly witii fnol/alr ralios 

; abovo 0.021. Till* Jarj'o di n'oronco In main HlaKo fuol promixinK lonRth 

I bftwoon ConrigurationH 6 and H liad a rolativtly firoall offoct on performaiu-o, 

I’orformanou moasorinioiiLH made by tlio point sampli* .•Hiirvey metliod at 
full prossuro ft>r (;onn>>ura Lions b and K are tnchidod In Table VllI, and tiu* 
profiles are plotted in I’igores A1 tbrouKh A.*j, Some teat.s were made with 
only the upper main stase flamebolderH carbureted, and some were made with 
only the lower f laraeholders carbureted. At fuel /air ratios near nominal ^ 

for the supersonic cruise condition, these conf iguration.s provided NOx 
CO emissions closely approaching the program go; Is. Fuel migrating into 
the uncarbureted side of the duct was burned more efficiently than In 
Configurations 4 and 5. The high HC levels were due primarily to a lean, 
inefficient streak adjacent to the liner on the carbureted side. 

Configurations 7 and 10 were subjected to extensive parametric vari- 
ation at full pressure, with emissions performance measured by manifolded 
samples. The data are listed In Tables XVI and XVII. Figure 46 Illustrates 
the minor effect of pilot fuel/alr ratio on the performance of Configuration 
7 at supersonic cruise. Figure 47 shows the performance of Configuration 
10 at supersonic cruise. The NOx level is comparable to Configuration 8 
(Figure 40), but the efficiency is lower. 

Figure 48 shows the effect of reference velocity on Configuration 7 at 
supersonic cruise. NO^ Improves and efficiency falls with increasing 
velocity. The data at 47 n/s are the same as Figure 46 and do not cor- 
relate perfectly wltii the combustion efficiencies measured at other veloci- 
ties. The efficiencies of Configuration 10 (Figure 47) correlate better. 

Figure 49 shows the performance of Configuration 10 at the transonic- 
climb condition, and Figure 50 shows the performance at sea level takeoff 
at two reference velocities, both NOx and efficiency are lower than at the 
higher temperature supersonic cruise condition. 

Configuration 9 was tested only at supersonic cruise. Measurements 
made wltii manifolded samples are listed in Table XVII I and plotted in 
Figure 51. The performance is comparable to the liquid-fueled configura- 
tions, altlumgh the rate of increase of NOx with fuel/alr ratio is somewliat 
less. Configuration 9 seemed to be loss prone to resonance than others 
with liquid fuel Injection. 

Point sample surveys at the burner exit stream wore performed on Con- 
figurations 7, 9, and 10 at selected operating conditions. Tiiese data are 
Included in Tables VI, VII, and Vlll. Tlie measured profiles are plotted In 
Figures 52 through 61. The local fuel/alr ratios shown for Readings 101, 

137, 154, 169, 171, and 175 liave been corrected upward to compensate for a 
leak that admitted air to the sample system. The data generally showed 
that wltli only one main stage flameholder fueled, the fuel that penetrated 
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Fltturo 46. ConllKUration 7 Performance, Supersonic Cruise 
Condition, T = 591-602 K, P 261-204 kPa, 
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percent JIO Emission Index, g/kg 











Figure 52. Duct Burner Exit Profiles, Configuration 7, Reading 123, Supersonic 

Cruise Condi -on, T = 593 K, P = 2C1 kpa, Metered Overall F/ A - 0.0163. 
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Figure 58. Duct Burner Exit Profiles, Configuration 10, Reading 162, Sea Level 

Takeoff Condition, T - 456 K, P = 384 kPa, Metered Overall F/A - 0.0314 














Figure 61. Duct Burner Exit Profiles, Configuration 9, Reading 175, Supersonic 

Cruise Condition, T = 592 K, P = 268 kPa, Metered Overall F/A * 0.0274 



satisfactory except adjacent to the liners. 

Rending 137 was taken on s carbureted eZlTiy, 

operating Jal fuel next to the liners, even 

Figure 55 shows lean ^iJ"i"?ercntial flameholder was located to 

the upper liner where the - aamoles were disregarded, 

assist flame spreading. rffUilncy of 99.15% with CO, HC, and NO^ 

Reading 137 Thn 1==". I"''"' 

emission indices of 8.43, ^ seen in a survey made with 

cient region next to the “PPer liner ^ 

pilot fuel only (Rending 157, ) ®”^^j^g/than maldistribution of 

intrusion downstream from the ' f lameholders. To determine the extent 

the main stage fuel approaching jj^ng i65 using only the upper 

of this streak, a survey was «"®de in Reading 62, indicated 

sampling element of each rake. _ gj left corner (aft looking forward) 
that the streak was confined to the upper lett corn 

of the surveyed region of the burner exit. 

1 A hr.uf- hardware to be in excellent con- 

du pirrf ;.=Av. «-j»-"rrpuo: r.L n»» 

as aa^«. ^ 


6.1.6 Configura tions 11 and .12 


In Table XIX and plotted In Figures 61, 64, and 65. 

63 aHows 

ratio, so a high pilot uc /. ,, carbureted, the combustion 

With only the lower main stage flam . fucl/.iir ratios. The NO^ 

bi;i=S?,ir S;; ilS-Br 

63 , and tha other data wero acqnirod f *,,,Ttof oronoo velocity 
appears to have ocrurrod in the Interim. Uie high rciertn 

produced less NOj^. 
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Flgurt* 62. Duct Hunier Kxil Profiles, 10 mm from Uppct 
Miicr, Configuration 10, Rending 165, St)n 
Level Tflkt’orf Condition, T - 456 K, P 3Hl 
kPn, Metered 0v<?rull F/A ■ 0.027'!. 




ORIGINAL PAGE Ib 
Oe POOR QUALITY 


•» IT O N 

^ m 

• • • • 

^ 1/^ IP 


IP P iP P 
o «r p tp 

« • • I • 

«# rP fp <A c> 


o> 4 > p. «i <v 

IP IP ^ p p» pi 

• •••'• fl • 

p' •>' Pi ^ V* 


P n P< »P 
^ P lit 

• • • < 

r r 


to 

5 

<0 

% 

Im 

P K' ft ^ 


h. O 

C C C N 

na 

Ql 

u 

III* 

o •• o 

TG 


^ f» f“ 

iH 

0 

to 

■# 

• •Iff 



O 90 IP o « 

«H 

p 

90 c IP .o *0 

G 


IP P P p V* 

(Q 

:c: 



«. p 

9C ft C 9 

@ 

1- c 

« P P 9C 

0 

Ui C 

I i I « 

u 


O' O' 


r ^ P' N IP 
iv> p r P « 
• * • • • 
r - P p r 
P‘ 


nf IP « c ^ 
^ Ki C P e* 


•r •• p < <» *p 

IP p ^ p 

• • • • • 

« p IT p p 


» ^ c c < 

V^ W P C <0 


*9 < 

of <> «# 

C C C P 
c c c c 


P^ ^ O P <o 
rw Pi P ^ 


IP ^ IP N 

« «0 90 « «l 

r» ^ ^ ^ 


« P.< o> w 

if.^9Cr>W 

• ■ * » « 

«r P «c l^ OP 
O' (^ o> o 

O IP <> IP 

of pn N c 

Pi P* IP 

c ft c e c. 


^ i 6 N O 
^ N Pi ^ 


• « • • • 

^ f* ^ 4 

^ IP e 90 o 

^ IP IP «» <r* 


IP p« ^ IP IP 

^ C N i0 P 

• I I • • 

fo. of O' ^ ^ 
O «C «C O €^ 

o «c *o O P 

ft iO •# P) o 

P fSj Pi ^ 

C ft ft C C 


ccccc ccccc. 


p 

O IP rP of 

o ►- 

Pj fP of 

p yj 

ft ft ft ^ 

lA. c 

C C C C 

• • I • i 


ccccc 


^ ^ p if 


IP tf IP o 

p 

C C C p 

o 

c c c c 

p 

• • • • • 

cc c c o 

Ot 

Hi ft 

1C 

« 1*^ 

If 

PI 9 

p 

^ o 

c 


t • t » • 

oe 

o c c o o 

iw 

A a 


X «ii 
3 C 




« 9 

p 

c o c c c 

H 

p c o 9C 

c 

IP if <f «f 


c c c c 

Pt 

& C. C. c. 

& 

• 1 • t • 


c o c c c 


^ 14} of O IP 

^ «o oc ^ 

^ ^ ^ ^ p 

ccccc 


of Pi I»f <0 ■<} 
of VI O <C *« 
^ P< Pi ^ 

ft c c c c 


COftCC CCCjCC 


of <1 »ir «t ^ 

o o ^ Pi 
^ ^ ^ P 
CCCCC 

I ■ « I • 

C3 c e c c 

9T a P P 9C 
IP O IP N C 

^ ^ ^ f- Pi 

c c oc o 

• •Iff 

c o o o o 


o 90 90 IP 

P O *t O P 

«- Pi fp ^ ^ 

C C< C C C 

I • • * I 

CCCCC 

Pi N C ^ C 

Pi sf rv 

^ ^ ^ ^ 

ccccc 

t I « • I 

o c c o c 


IP V> C 90 Pi 

c c PJ P P 

fp Pi IP P l'^ 

CCCCC 

I • • I * 

CCCCC 

^ P fp o IP 

IP IP «f IP o 

I I • • I 

v> «9 IP IP IP 

•« «i «f if *f 


ccccc 
c c ^ e c 

«j K» IP VN IP 
CCCCC 

ccccc 

f * • I I 

CCCCC 

Pi ^ <o o P 
of IP ^ 9> Pi 
pr pr> Ki fp If 
CCCCC 

• • • I • 

ccccc 

^ P - c . IP P 

p p Pr ^ IP 

I t I • I 

IP IP «c c «r 

if <4 If *4 if 


o o 

C C C O c 

c o ^ c ^ 

^ IP Ip IP IP 

ccccc 

c Ci c c c 

• • ■ • • 

ccccc 

IP IP p « IP 
P C Pi 90 Pi 

IP *f if ^ ^ 

ccccc 

• • ■ • • 

ccccc 

O' ^ « c « 

|A «* IP ^ P 

lilt* 

P 9t P « IP 

if «9 if IT |r 


o ^ ^ ^ ^ 

9T o O O O 

IP IP IP IP vs 


p «0 IP f) of 
p p p p p 
Prf Pi Pi Pi P 

Piroft»- 

p P P 90 «p 


|Tl 1^ P' ^ ^ 

o o o o o 

IP VMT IP IP 


p p' if 

0 o o o o 

IP IP IP IP IP 


iP^PiCflC a>e»OOP 
PP04IP IPIPIPIP^ 
Od p P Pf P PP’PPP- 


P IP if IP o 

cr C fC 9T tr 


K O C »• P< 
K OL O O O 


ft K ft ft 

p ft*. rv K 

if O 

p IP p «f 

P pi ft 9 

p« iP 

• I II 

II II 

1 I 

O P> ^ If 

<r ft <» S' 

C* 0 

p of of 

p 0 * P ft 

ft n 

p 

p p 

p p 

«f l^> ^ iC 

9 L Pi K ft 

0 O 0 Pi 

ft p- 

N IP ftp 

0 Pi 

lA Pf ^ if 

IP IP P N 

9 p 

K> <6 iSf 4 

O ft> P ft 

p P 

Pi 0 

I • 1 I 1 


III 

0 90 ^ ft PI 

C O 0 0 0 

O N M 

p 0 of Pi Pi 

•A <0 in M o 

»« « « 

^ C •« <0 IV 

ftl «« df 0 PJ 

ft ft ft 

p p p 

P P P 

p 

ft 0 C ft 

OP K K 

p ^ 

rv Pr O 0 

9 0 P< P 

p N 

• • ■ I 

II • I 

I 1 

P of 0 ft 

ft 0 N P> 

ft K 

O O' O 0 

0 0 O 0 

0 0 


mm CO* 

Pi ft 

P O 0 ft 

P P 0 P< 

0 ft 

p. p CP' 

ft IP CM 

Pi C 

O c: C C 

c c c c 

c e 


• • II 

1 • 

c c t: c 

c c c c 

c c 

^ P if if 

ft 0 ft O 

0 ft 

ft of If ft 

O 0 

0 ft 

p p ft P' 

P* ft OP 

Pi n 

c c c c 

CO c c 

o c 

• • • I I 

• 1 • • 1 

III 

Ci c. c c e. 

C C O D C 

c c o 

«f 0 P P 

O 0 P ft 

P ftV 

O <0 IT c 

.♦ft- m ft 

0 0 

P p C ft 

ft ft. CP 

ft o 

c c. c c 

o c c c 

c c 

• III* 

• III! 

lit 

c o c c e 

CCCCC 

c e o 

0 fC 0 

P ft 0 

N 

of P P 

ft K Pi 

0 

P P P 

p p p 

p 

c c c 

CO o 

C 


t • • • I 

lit 

Cl o c o o 

o c c c c 

c c o 

ft 

0 P P 

ft 

P 

0 K P 

0 

P 

p p p 

p 

c 

o c o 

o 

ccccc 

CCCCC. 

c o c 

O C Cl- 

o Pi CO 

9 9 

«f ft ft ft 

ft ft ft ft 

0 ft 

c c c c 

C C CO 

c c 

C fc. c c 

c c c c 

c c 

• 1 ■ ■ • 

• I * • 1 

III 

ccccc 

ccccc 

coo 

<\J ^ iri Cu t. 

Pi of 0 P ft 

9 0 p 

0 ft ft ft P 

K C P M 9 

N N 9 

0 0 0 ft ft 

^ ft ft ft ft 

0 ft ft 

t. c c c c 

C C - C c Cj 

c c c 

1 1 I I I 

• •III 

III 

ccccc 

c o c c c 

c c c 

p ft p < 

1 . t ft C, 

P P 0 

0 P P P p 

P ft 0 0 

Pi 0 P 

1 • I * 1 

• 1 1 1 I 

III 

, c c: ft p p 

p p p ^ ♦ 

M < 0 

« « 4 

If if if if if 

0 ft f> 

P P 0 0 if 

1 ■ 1 1 I 

if 0 «f *f if 

III 

ft 0 K 

0 O of >f o| 

^ «J ft ft ft 

ft 0 0 

ft ft 0 of of 

if <f If If -f 

0 ft ft 



1 1 1 

C. 1 - IT » ft 

c 9 P ft ft 

P> Pi Pf 

ft 0 •<> o c 

p O ft 0 0 

ft P P 

p- p p p p 

Pr p. fis ft K» 

ft P P 

ft -f ft 0 P 

0 9 P P' ft 

0 fti 0 

ft (7 ft ft ft 

9 9 O C C, 

i: c o 

P P t- P P 

p p M P Aj 

ry Pi Pi 


I 


Combustion Efficiency, 

percent Efficiency Index, g/kg 










».omdustion Efficiency, 
percent 




Figure 64. 


ConflKurntion 11 Pcrformar 
Canditlon, t - 592-594 K 
F/A 0.0O4H-0.O0S1. 


, Supersonic Cruise 
258-274 kPa, Pilot 



Total Fui’l-Air Hatio tlndur Lim’r 


FU'urc 65, Coiil'i HU nii ion 11 I'otlormtinco , Ti'ansonir Cllml) Condition 
T - 'I'H-'MH K, P • 209-210 kPu, niul Son l.c'Vol Takeolt 
Condition, T 15;i-15'l K, P 383 kPa, Pilot F/A = 
0.00-19-0.0052. 
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HiMsiirimfnl.i ni.i.l.‘ at lli*- iraiiM.-nlr . limb anJ l*>viO takiajff fomlUInns 

arc. Hhown In FlKurr Ci.mbuHi Ian aft Inlancy was poor at both condUlons, 

ami at tl.o blKlmr prossnra. vary hinh NOk was J 

ratios. Kosonaiu-f dhl nol patrol t tasting at total fual/alr ratios hlghtr 

than 0,04. 

Pttint sampla snrvays wara roaUa at two rondl tlons. Thesa data ara In- 
i' luUad In Tablas VII and VIII, and lha i.rofnas are shown In IMuures 66 
,ml 67. At tba sitparsonia arulsa aondttlon, the point sampla survey aon- 
flrmaU the luanifoldad s.nnplas, axiapt that from two of the sampla 
located 14mm from tlu' upper liner »m the unaarbureted side, the Instrument 
responded to an apparently vary riali CO streak. 5'*nce no sign of this 
streak was seen In na.arby sampla points or in manifolded s.amples before or 
after this point survey, nor in subsequent tasting ol Configuration U, 
these two sample results cannot be considered typical of this coni Iguratlon 
and' were, therefore, omitted from the calculated averages. At the transonic 
climb condition, the fuel distribution on the upper flamcholders was non- 
uniform, and the combustion efficiency was low in that area. 

Configuration 12 was tested at the supersonic cruise operating condition 
only The emissions performance, measured with manifolded s.amples, agreed 
closely with that of Configuration 11. These measurements are listed in 
Table XX and plotted In Figure 68. 

Point sample surveys were made with two fuel/air ratios. These data 
are included in Table Vlll. At the nominal cruise fuel/air ratio, with 
only the lower flameholders carbureted, the very heavy CO streak observed 
In the unfueled side of Configuration 11 was absent, as shown by the pro- 
files in Figure 69. A raw fuel streak next to the lower liner, which the 
splitter plate was intended to correct, was still present. With both 
flameholders carbureted, combustion was Inefficient in the upper part of 
the duct, as shown in Figure 70. 

Posttest Inspection revealed that most of the splitter plate h.id 
burned away, together with part of the lower circumf ercntlal flamehoJder 
from the center to within 7!jmm of the left wall (aft looking forward). Ibe 
center radial spoke flamebolder was also burned away, and a hot streak was 
visible on the pilot cowl extending aft from the spark Igniter. This was 
the only configuration that showed evidence of flamehoiding I roiii tlie igniter. 
Configuration 12 did not carry flamehoJder temperature instrumentation. 

6 . 2 Igni t i on Cha rtic ter i !< 1 1 c s 

Altitude ignition characteristics were measured only on those ctmflgura- 
tions which Included changes to the pilot design. The Ignition tests were 
made at the altitude relight operating condition, as described previously. 

For Configurations J and 2, an attempt was made to regulate the duct 
burner pressure during the ignition test, using the blast gate. It was 
found that a step change in pressure occurred upon Ignition, requiring 
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Figure 67. Duct Burner Exit Profiles, Configuration 11, Reading 200, Transonic 

Climb Condition, T = 445 K, P = 210 kPa, Metered Overall F/A = 0.0335. 





Easlssion Index, g/kg 











Figure 70. Duct Burner Exit Profiles, Configuration 12, Reading 216, Supersonic 

Cruise Condition, T = 591 K, P * 261 kpa. Metered Overall F/A = 0.0301 





fiirtlKT iiUjuHtnunU. of the hlnst Kate before the temperature rlae eould be 
ineaKureil. Since tlie preaHure at the altitude relight eoiiditlon Is only 
slightly above atmospheric, it was decided to perform the remaining Ignition 
tests with the blast gate open. The airflow was redured to provide the 
correct reference velocity. 

For each pilot design, Ignition was accomplished at the nominal refer- 
ence velocity using the spark igniter, although fuel flows somewhat higher 
than nominal were usually required. The minimum fuel /air ratios required 
for Ignition, and the temperature rise calculated from manifolded gas 
samples, are listed in Table XXI. 


6 . 3 I'luld Dynamic Pe rformanc e 

Measured duct burner performance parameters in addition to those 
related above included fan stream total pressure loss, fuel injector pressure 
drop, and dynamic pressure, frequency, and amplitude. The results of these 
measurements are summarized In this section. 


6.3.1 Duct Burner Pres sure D rop 

Selected total pressure drop measurements made with only the pilot 
stage operating are summarized In Tabic XXII. Where they arc available, 
measurements made at the supersonic cruise inlet conditions are presented 
as this was the primary design condition. The measured pressure drop 
includes the flameholder drag loss, fuel injector drag loss, and friction 
losses in the high velocity passages ahead of the f lameholders. The data 
In Table XXII Include losses associated with mixing of the uncarbureted 
main stage air with hot pilot discharge gas but do not include heat addi- 
tion loss associated with the main stage combustion. Pressure loss data 
were also included in Tables VI through XX; these data include heat addition 
loss where appropriate. 

Table XXll includes calculated values of reference velocity iiead (ii) 
and the ratio of total pressure drop to vivloeJty head (DP/i,’)« Theoret 1 ca I 1 v , 
DP/(^ should be almost independent of reference velot^lty, so it is more 
useful than DP/P as a performance characterization parameter. 

Configurations 6 and 7 (which are also characti^rlstic ol Configurations 
8, 9, and ID) show higher pressure drop than other configurations because 
of the pilot snout extension, which retjuired the m.iln stage air to negotiate 
long, high velocity passages containing hlgh-biockage fuel injectors. 

Without the snout extenslmi, the dry pressure loss was typically <<,% of the 
Inlet total pressure at the nominal reference velocity, or 6 reference 
velocity heads, 
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Table XXI. Ignition Test ReaultB. 




**T6 

^T6 

F/A Under 

Tempi 

Config. 

Mg 

KPa 

JL 

Liner 

Rlee 

1 

4 

145 

360 

.0060 

206 

2 

19 

143 

371 

,0047 

156 

4 

37 

106 

366 

.0072 

240 

6 

92 

111 

368 

.0064 

186 

7 

115 

115 

375 

.0044 

114 

11 

206 

112 

367 

.0063 

165 


Table XXII. Total Pressure Drop Data Summary, Pilot Stage Only 
at Supersonic Cruise Operating Condition. 


CON 

FIG 

RDG 

PT6 

KPA 

TT6 

K 

V REF 
K7S 

Q REF 
KPA 

FTOT 

NET 

OPT 

KPA 

DP/P 

DP/Q 

1 

2 

4 

5 
5 

17 

20 

52 

53 
59 

261. 

584. 

266. 

107. 

107. 

592. 

454. 

592. 

590. 

591. 

48.52 

41.20 

46.23 

46.07 

46.14 

1.806 
2.503 
1.673 
0.668 
0.6 69 

0.0027 

0.0027 

0.0031 

0.0031 

n.r.037 

10.583 
1 5.855 
1 0.235 
4.464 
4.441 

0.0406 

0.0413 

0.0385 

0,0419 

0.0417 

5.862 

6.335 

6.117 

6.682 

6.637 

6 

7 

7 

7 

11 

105 

117 

118 
119 
178 

260. 

264. 

261. 

261. 

276. 

597. 

602. 

592. 

594. 

594. 

47.92 

47.18 

47.20 

47.33 

44.57 

1.742 

1.704 

1.713 

1,715 

1.612 

0.0042 

0.0017 

0.0028 

0.0038 

0.0029 

21.656 

21.009 

22.182 

21.875 

7.872 

0.0833 

0.0795 

0.0850 

0.0838 

0.0285 

12.432 

12.332 

12.947 

12.75? 

4.883 

11 

11 

12 

179 

180 
215 

275. 

276. 
263. 

592. 

591. 

592. 

45.43 

45.59 

47.14 

1.671 

1.691 

1.720 

0.0035 

0.0043 

0.0043 

8,792 

7.669 

10.390 

0.0320 

0.0278 

0.0395 

5.262 

4,536 

6.042 


ORIGINAL PAGB 
OF POOR QUALITY 
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l•’lu•l rn.li^ctltm i*ri*HKurt' drop was muni torod for all lliruo fuel aystenis. 
When l iquid fuel wan u.sed, the parameter W/*^ was computed and compared 
with the value resultliiK from pretest injector flow cheeks. Theoretically, 
this parameter should remain coniitant. An Increase from one reading to 
another was taken as evidence of a fuel lino leak, and a decrease was taken 
as evidence of fuel injector clogging. No leaks were detected during the 
program. Several Instances of injector clogging were encountered and have 
been related previously. 

The measured values of the fuel Injector pressure drop parameter are 
listed in Table XXlll. 


6.3.3 Dynamic Pressur e 

All of the configurations tested in this program encountered resonance 
as fuel/alr ratio was Increased. To embark on major efforts to eliminate 
this resonance was beyond the scope of this program. In the earlier con- 
figurations tested, the resonance levels reached high amplitude levels that 
resulted In damage to the hardware. In subsequent tests. Configuration 3 
through 12, fuel/alr r.itios were not Increased beyond levels where resonance 
reached double amplitude levels in the range of 7 to 14 kl»a. Practically 
all of these later data points, therefore, had amplitudes below 7 kl’a, and 
many of the points below the maximum fuel/alr ratio had no strong discrete 
frequencies present. 

The resonance frequencies, when present, were In the range of 150 to 
350 Hz and were axial modes. The radial modes and circumferential modes in 
the sector test rig would Involve mucli higher frequencies. In a full 
annular duct burner, however, the circumferential mode would be closer to 
these axial mode frequencies. In a full annular duct burner, the circum- 
ferential mode would, therefore, be expected to occur coupled with the 
axial mode. 


Ihe measured frequency spectrum typical of the resonance encountered 
is illustrated in Figures 71 and 72 for Configuration 10. Figure 71 
is at a fuel/alr ratio of 0.0325 at supersonic cruise showing strong resouanl 
peaks at 240 and 260 Hz. Other conditions may peak at only a single discrete 
frequency. Le.'iiior conditions, such ns a fuel/air ratio of 0.021 (Figure 
72) showed consideriibly less activity in the resonant frequency range. 


Specliic development effort to Introduce resonance suppression features 
into the design could be expected ti) provide designs with emissions per- 
formance similar to that documented here but without the presence of exces- 
sive resonance at the maximum fuel/alr ratios of interest. 
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Table XXIII, Fuel Injection Hressure Data Summary, 
Values of Parameter WF/SQRT{DP) , 
Kg/S*SQRT(PA). 

»»0G FUEL MANIFOLD 



PILOT 

UPPER 

1. nwER 


CONFIGURATION 1 


4 

0,l355t-04 



5 

0*13388-04 



6 

0.1300r>04 



7 

0.1303F-04 



8 

0.12R8F-04 

0.1372E-03 

0. 10248-03 

9 

0.1277F-04 

0. 129 68 - 03 

0. 10638-03 

10 

0.1261P-04 

0.1295E-03 

0. 10248-03 

U 

0.1U5F-04 



13 

0.9661F-05 

0.1211E-03 

0.97778-04 

14 

0,8960''-05 


0.97848-04 

13 

0.807ir-05 



16 

0.8296F-05 



17 

0.861PF-05 




rONFIGUfiATION 2 


19 

0. 1903F-04 



20 

0.1806F-04 



21 

0.1812F-04 


0.26908-03 


CONFIGURATION 4 


29 

0.2616F-04 



30 

0.25P2E-04 

0.2171E-03 

0. 19838-03 

31 

0.2499E-04 

0. 16638-03 

0. 16708-03 

32 

0.2499F-04 

0.1664F-03 

0. 14768-03 

33 

0.2483F-04 

0. 19658-03 

0. 15688-03 

34 

0.2426F-04 


0. 1453F-03 

37 

0.233BF-04 



40 

0.2457E-04 



41 

0*8lO9f-04 

0. 21838-03 

0.19778-03 

43 

0.2271F-04 



44 

0.2356F-04 



45 

0.7445E-04 


0.20168-03 

46 

0.2352F-04 


0.21088-03 

47 

0.2328E-04 


0. 19048-03 

48 

0.242 5F-04 


0.18658-03 

49 

0.2388F-04 


0.19118-03 

SO 

0.2506F-04 

0.21888-03 

0.27998-03 

51 

0.2370F-04 

0.21178-03 

0.19178-03 

52 

0.21998-04 






Table XXI II. Fuel Injet'tlon I'reKHure Data Summary, 
Valuea of Parameter WF/SQRT(DP) , 
Kg/S*SQRT(PA) (Contltmei!) . 


POG 


53 

54 


57 

5fl 

59 

60 
61 
62 

63 

64 
6*^ 
66 
67 
6B 

69 

70 

71 

72 

73 

74 


FUEL HAMIFOLO 
PILOT UPPER 

CONFIGURATION 4 

0.2ia3F-04 0. 

0* 21991* -04 0*l35lE-‘03 0. 

CONFIGURATION 5 


LOWER 

1365E-03 

1321E-03 


0.2306F-04 

0.?394r-04 

0.2407E-04 

0.2I19E-04 

0.2228F-04 

0.207BF-04 

0.2361F-04 

0.204 fF 04 

0.2311F-04 

0.2235F-04 

0.2450F-04 

0.2269E-04 

0.2289F-04 

0.2194E-04 

0.2150F-04 

0.2145E-04 

0.2149E-04 

0.2155F-04 


0.1957E-03 

0.1813E-03 

0,l749E-03 


0.1309E-03 


0.2005E-03 

0.2258E-03 

0.lfl37E-03 

0.1886F-03 

0.1803E-03 

0.1943E-03 

0.15B9F-03 

O.L540F-03 

0.2491E-03 

0.2031E-03 

0. l679E-*03 

0. 1366E-03 

0.1370E-03 

0.1352E-03 

0.1354E-03 


CONFIGURATION 6 


75 



76 

0.2750E-04 


77 

0.2507E-04 


78 

0.2437E-04 


79 

0.2508F-04 

0.2644E-03 

80 

0.7 46 7F -04 

0.1968F-03 

81 

0.2470F-04 

0.1776E-03 

82 

0.2448F-04 

0.1981E-03 

83 

0.2385F-04 

0.1755F-03 

92 

0.22H6F-04 


94 

0.2235E-04 


95 

0.2318E-04 


96 

0.7249F-04 


97 

0.2225F-04 

0.5280E-03 

98 

0.2724E-04 

0.2100F-03 


0.L810E-03 



Table XXHl. Fuel Injection Preasure Data Summary, 
Valuea of Parameter WF/SQRT(DP) , 
Kg/S*SQRT(PA) (Continued). 

BOG FUEL MAW I FOLD 

PILOT UPPER LOWER 

CONFtGURATinw 6 


99 

0.2226E-06 

0.18666-03 


100 

0.220ZF-06 

0.1668F-03 


101 

0,2l9RF-06 

0.17356-03 


102 

0.21716-06 

0.16586-03 


103 

0.2193E-06 

O.1018E-O3 

0.3705F-03 

105 

0.2122F-06 



106 

0.21UE-06 

0.17626-03 


107 

0.2103F-06 

0.16606-03 


lOfl 

0.2106F-06 

0.17006-03 



CONFIGURATION 7 


115 

0.2190F-06 



117 

0.1987F-06 



118 

0.1981F-06 



119 

0.1975F-06 



120 

0. IO40F-06 


0.10986-03 

121 

0.1983E-06 


O.l 105E-03 

122 

0.1969F-06 


0.1113F-03 

123 

0.2206F-06 


0.1107F-03 

12A 

0.19766-36 


0.10976-03 

125 

0.19866-06 


0.10886-03 

126 

C. 1966F-06 


0. 1085F-03 

127 

0.22296-06 


0. 10976-03 

138 

0. 1986F-06 


0.1262F-03 

139 

0.1977F-06 


0.12396-03 

UO 

0.20166-06 


0. 1266E-03 

U1 

0.1979F-06 


0.1219F-03 

1A2 

0.1933F-06 


0.12316-03 

163 

0. 1936E-06 


0.1225E-03 

166 

0.1961E-06 


0.1268F-03 

165 

0.1936F-06 


0.1225F-03 


CONFIGURATION 8 


86 

0.2382E-06 

0. 28836-03 


R5 

0.2369F-06 

0.1566E-03 


86 

0.2175F-06 

0.20916-03 

0.23086-03 

07 

0.2610F-06 

0.18866-03 

0*22196-03 

88 

0.2601F-06 

0.17656-03 

0.20176-03 

09 

0.23P2F-06 

0. 1 5086-03 
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Table XXI 11. Fuel In.1 ectlun I'rt'KHure i)i«Lu Summary, 
Valuea of Parameter WF/SQRT(I)P) » 
Kg/S*SQRT(PA) (Continued). 

ROG FUttl MANIi(l|.0 

PILOT UPPPI! UJWFH 

CONFIGURATION U 


90 

0.2399E-0A 

O.lAllE' U5 


109 

0*2l90F-04 

0.203AC-03 


110 

0.2193E-0A 

0. 1599 P;- 03 


111 

0.2098F>0A 

0.1A26F-03 


112 

0.2113E-0A 


0.1456E-03 

113 

0,2l0flC-n/t 


0. 1460E-03 


CONFIGURATION 9 


lee 

0.2) 40F-04 


0.4204F-03 

169 

0.213aF-04 


0.4175C-03 

170 

0.2109F-04 


0.4116E-03 

171 

0.2108E-04 


0.4091F-03 

172 

0.2112E-04 

/ 

0.3933E-03 

173 

0.2U3E-04 

0.29H7E-03 

0.3693C-03 

174 

0.2107F-04 

0.3061E-03 

0.3642E-03 

175 

0.2104E-04 

0.2991E-03 

0.3532E-03 

176 

0.2104E-04 

0.3101E-03 

0.3474E-03 


CONFIGURATION 10 


12R 

0.1964F-04 

0.1409E-03 


129 

0.1959E-04 

0.1263E“03 


130 

0.21B3F-04 

0.1253E-03 


131 

0.1963F-04 

0.1292E-03 


132 

0.1059C-04 

0.1276E-03 


134 

0.l95nE«04 

0.132flE-03 

0. 12B5F-03 

135 

0.1960F-04 

0. l2BflE’ 03 

0.1265F-03 

136 

0.1953F-04 

0.1276E-03 

0. I250E-03 

137 

0.2190E-04 

0.l270e-03 

0.l25BE-03 

146 

0.1972F-04 

0.1354E-03 

0.1261E-03 

14S 

0.2251F-04 



149 

0.2?39r-04 

0.1771F~03 

0.1530E~03 

150 

O.2230F-O4 

0. 1581E 03 

0. 1413E-03 

151 

0.2227E-04 

0.1425E-03 

0,l325E-03 

152 

0.2233E-04 

0.1400E-03 

0.1291E-03 

153 

0.2229E-04 

0.1373E-03 

0. 1277E-03 

154 

0.2226E-04 

0.1372F--03 

0.1260F>03 

156 

0.2174E-04 



157 

0.2169E-04 



155 

0.2143F-04 

0.1374E-03 

0.1297F-03 


TabJu XXI n . KutJl tnjoL'tltm I'l-usnurt* Data Summary, 
ViiluuH of Parnmi'Ctir WF/S(JRTfl)r) , 
Kg/S*SQRT(PA) (Continued). 

ROG FUEL MANtrmn 

PILOT UPPER LOWER 


CONFIGURATION 10 


15*) 

0.2142F-04 0.1359E-03 

0. 1254E-03 

ie>o 

0.2130E-04 0.l33fl»-'03 

0.1245E-03 

161 

0.2136E-04 0.1332E-03 

O 4 1248F--03 

162 

0.2129E-04 0. 1328E-03 

0. 1256F-03 

163 

0.2135F-04 0.1356F-03 

0.1271E-03 

164 

0.2133E-04 0.1340E-03 

0. 1266E-03 

165 

0.2127F-04 0.1339E-03 

0. 1259E-03 


CONFIGURATION 11 


178 

0.2366F-04 


179 

0.2357F-04 


180 

0.2326F-04 


161 

0.23I9E-04 

0.1631E-03 

182 

0.2348C-04 

0.1554E-03 

183 

0.2330E-04 

0. 1460E-03 

184 

0.2333E-04 

0.1596F-03 

185 

0.2303E-04 

0.14386-03 

186 

0.2337E-04 

0.1420E-03 

187 

0.2344E-04 

0.1554E-03 

188 

0.2354E-04 

0. 1514F-03 

189 

0.2355E-04 0.1703E-03 

0. 1546E-03 

190 

C.2339E-04 0.1627F-03 

0.1508E-03 

191 

0.2408F-04 

0.14856-03 

192 

0.2454E-04 

0.1556E-03 

193 

0.2374E-04 

0.14156-03 

194 

0.2359E-04 

0.1502E-03 

196 

0.2415E-04 


197 

0.2370E-04 0.1665E-03 

0. 1495E-03 

198 

0.2432E-04 0. 1666E-03 

0. 1476E-03 

199 

0.2474E-04 0.1491E-03 

0.1399F-03 

200 

0.2357E-04 O.1403r-O3 

0. 1405F-03 

202 

0.2417E-04 


203 

0.2470F-04 0.1577F-03 

0.1419F-03 

204 

0.2419E-04 0.1457E-03 

0.1401E-03 

206 

0.25l3r-04 



CONFIGURATION 12 


208 

0.2205F-04 

0.1343F-03 

209 

0. T2I0E-04 

0. 1408E-03 


Table XXIII. Fuel Injection Pressure Data Summary, 
Values of Parameter WF/SQRT(DP), 
Kg/S*SQRT(PA) (Concluded) . 


noG 


fUEL MANtrnU) 

PHOT UPPER LOWER 


CnNEIGURAltUN 12 


?10 0.2P36E-04 

211 0.220AF-04 

212 0.2211E-0A 

213 0.2256F-04 

?14 0.2220E-04 

215 0.2232E-04 

216 0.?216E-0^ 


0.1394F-03 

0.1429F-03 

0.l487r--03 

0.1632E-03 0.1430E-03 

0.1715E-03 0.13B2E-03 

0,l707E-03 0.1385E-03 
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7.0 DISCUSSION OF RESULTS 


7 . 1 EmlBBlon Levels Status 

This experimental investigation has resulted in significant progress in 
the development of technology for obtaining the pollutant emission levels 
with duct burners. The first configuration tested in this program achieved a 
NOx emission index of 3.4 and a combustion efficiency of 94% at the supersonic 
cruise conditions, compared with the target goals of 1.0 for NOx emission 
index and 99% for combustion efficiency. The NOx emission level for this 
configuration was near the level expected from previous duct burner experi- 
ence. Because of the lean operating fuel/alr ratio needed to achieve this 
NOx level, the combustion efficiency was lower than for previous duct burners 
at their optimum fuel/alr ratios. The configuration with the overall best 
emissions performance. Configuration 10, had a NOx emission index of 1.2 and 
a combustion efficiency of 97% at the supersonic cruise inlet conditions at 
the optimum fuel/air ratio. Furthermore, it was possible to identify the 
major cause of the remaining combustion inefficiency and. from that knowl- 
edge, to suggest that ultimately even higher combustion efficiencies, near 
99%, could be achieved. The NOx emission index and combustion efficiency 
results for the best configuration, Configuration 10, are discussed below. 

Figure 47 shows the emission trends with fuel /air ratio at the super- 
sonic cruise inlet conditions. The data were calculated from gas samples in 
which 14 individual rake probes were manifolded together. The results show a 
trend of both increasing NOx Increasing combustion efficiency with in- 
creasing fuel /air ratio. The leaner data were obtained with fuel feeding 
only the top half of the main stage flameholder array. The richer data were 
obtained with fuel feeding both the top and the bottom halves. Thus, two 
distinct curves exist. The richer curve results in the closest approach to 
the NASA goals* With only one half of the main stage airflow carbureted, 
quenching in the lean portion of the bu»’ner significantly limits the combus- 
tion efficiency that can be achieved. The emissions levels are very sensitive 
to fuel/alr ratio, thus requiring a very narrow fuel/air design range for 
supersonic cruise. 

Figure 50 shows the trends measured at takeoff conditions with this same 
test configuration. The NOx levels and combustion efficiencies again In- 
crease with fuel/alr ratio. Because of the lower inlet temperature, the NOx 
levels do not rise to the level of 1.0 until a fuel/alr ratio is provided 
that Is higher than that associated with the supersonic cruise operatinc 
conditions. 

presents the data obtained at the transonic climb conditions. 
The trend of increasing combustion efficiency with increasing fuel/air ratio 
is still strong. The rich end of the curve is of importance here since there 
is no NOx requirement for this climb condition. 
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Figure 55, containing detailed traverse data from 14 Individual probe 
locations, shows an additional Important feature concerning the combustion 
efficiency. An appreciable portion of the measured Inefficiency Is due to 
the gas samples taken near the top and bottom liner walls. Quenching from 
the liner cooling air Is believed to be responsible for these Inefficient 
conditions. It Is probable that future development work directed at this 
wall quenching problem could eliminate a considerable portion of this par- 
ticular source of inefficiency. If the samples closest to the walls are 
omitted, from a calculated average, as presented In Table XXIV, combustion 
efficiencies above 99% are calculated for all three flight conditions. Thus, 
Insofar as the wall quenching can be reduced, the concept is potentially even 
closer to meeting the target goals than is suggested by Figures 47 through 
50. 


Further reduced NOx levels may come from the use of an alternate pilot 
stage design, since a significant portion of the NOx supersonic cruise is 
believed to be generated in the pilot itself. This Is Illustrated in Figure 
46, which shows the performance of Configuration 7 at the supersonic cruise 
conditions. The pilot alone produced values of NOx emission index of 4.7 to 
6,2. If the main stage fuel produced no NOx, ^be pilot NOx would be diluted 
to an emission index range of 0.6 to 1.1 at a total fuel/alr ratio of 0.021. 
Since the actual measured NOx 0.021 fuel/alr ratio was only about 1.1, 
relatively little additional NOx was generated in the main stage at that 
fuel/alr ratio. 

In advanced supersonic transport preliminary design studies, the base- 
line engine generally operated with very little change in reference Mach 
number through the fan duct over the mission. However, the effects of refer- 
ence Mach number at super .ionic cruise were documented in this program. These 
results are presented in Figure 48. The effects were found to be moderate. 

As should be expected, both the NOx Isvel and the combustion efficiency 
Increased with the Increased residence time corresponding to lower reference 
Mach numbers. 


7,2 Fuel/Alr Modulation 

Table XXIV summarizes the emissions levels achieved and compares the 
NASA goals with the calculated emissions performance at an optimum fuel/alr 
ratio for each of the three flight conditions. These emissions levels were 
calculated from individual probe samples rather than from the manifolded 
samples used in Figures 47 through 30. The method Involving individual probe 
sample calculations is considered to be the more accurate of the two methods. 
In addition to the values calculated from 14 individual samples from the two 
seven-element rakes, the emissions levels calculated from an average that 
omitted the four samples next to the top and bottom liners are also pre- 
sented. The results at all flight conditions show a close approach to the 
NASA emissions goals, but each condition requires a narrow fuel/air ratio 
operating range. 
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Tliu optiniuni fiiul/iiir ratio for oaoli fllr.lit condition from an emissions 
standpoint la not not'essarlly the same liiel/air ratio desired for the air~ 
craft mission. As a }-uide to a reaUstle fuel/alr range that might be re- 
quired, u single supersonic cruise aircraft mission with a specific study 
engine was select'ed In l!m original design effort as is described In Section 
3.1, A very wide rangi’ of fuel/alr ratios was required for this mission, 
from 0.01 at supei'i-ionU’ crulsi* to 0.024 at takeoff and acceleration Since 
the baseline engine was sized 1 i>r noise requirements at takeoff, It generally 
had no need for fuei/air ratios lilglier tlian about 0.024. This wide range of 
required fuel /air ratios v^as very influential in establlslilng the development 
approaches investigated in this program. 

The original duct burner concept involved some of the fan air bypassing 
the duct burner to permit the fuel/air ratios to be optimized. To achieve the 
optimum fuel/alr ratio of 0.032 at the supersonic cruise condition, from an 
emissions standpoint, two-thirds of the Ian air should bypass the duct burner. 
However, unfortunately, to aclileve the di’sired takeoff and cruise thrust with 
two-thirds of the air bypassing the duct burner would require local duct 
burner fuel/air ratios 2.4 tinu's as high, i.e., 0.077, which is above stoi- 
chiometric. If, instead, the quantity of duct burner airflow for takeoff is 
optimized first, perhaps 40% ol the air should bypass the duct burnets with 
some of this air reentering the duct burner through the cooling liners. Then 
some additional dnet burner design features would be needed to accommodate 
the supersonic cruise operating condition. For supersonic cruise, carbure- 
tlon of only one— ba I f or less of the dui't burner airflow by using only one 
side of tlie main stage' Is <Mie approach for providing this needed staging. 
Unfortunately, this technique ol carbureting only one-half of the duct burner 
was found to result in rediu’ed combustion I’.f I ic tency . 

Two other teclnvUiues can also be considi'ted. All advanced siiper.sonlc 
technology aircraft under recent study have lour engines. If only two of 
these engines had their duct burners operating at supersonic crviise, Lliis 
would permit the duct burners to opt-rate at iavorabie racl/air ratios from 
the standpoint of reduced emission;, levelri. ih'wever , this technique would 
result in a net Imre.ase in sic. Tire tlinist from one engine is not linear 
with fuel flow but iircieases approximately witli tire square root of the duct 
burner exhaust temperature. Therefore, engines operating at tv.u) different 
duet burirer exhaust temperat iii'i’s will reciuii'i' more total fuel ior a given 
total tlirust t Iran il lire two liunr*'rs well’ opi'rat“d .at isnt.al exhaust ti'iiiper.r- 
tures. A second possible si. aging feclrnlque, which has been ev.aluated for use 
In main ct'inlnrstors for I’lnissiens eorrirol at idle, iirvolvi*s sector burning in 
all of the I'trglires. Wllli sector burning, oniv a portion of the circumference 
Is carbureted.’ Again, however, tlie thrust ef «il I veness of the carbureted 
se.ctirrs woulil snfler t lu' same stc il 1 sadvantag.es dui’ lo exhaust temperature 
nonuniformi ty as oceirrs v\'iu'tr eperating, oirly two of llu’ duct burners In toe 
fmir engine;;. ibis t flT cl is, ol course, not oli ir'ct lonabl*' itr the c.ise of 
main eombustors al idle. In .iddition, combustion efficiency losses .it the 
edges ot the hurniirg, sectors due to quenching and some pressure loss due to 
airt low ad)ustiiienl .around the c i renint ert'iice would occur. Tims, while sector 
burning might achieve ttre dr-;; t red range i>f fn.'1/alr ratios lo optimize 



emlsfllons, the resulting increase in sfc may be an even greater penalty than 
the combustion inefficiencies indicated for Configuration 10 at a fuel /air 
ratio near 0.020. 

As discussed in Section 7.3, below, attempts to improve the combustion 
efficiency when only one half of the duct burner main stage is carbureted, by 
introducing axial stagger between the f luneholders on the top and bottom of 
the pilot, did not result in satisfactory combustion efficiency when both the 
tup and the bottom halves were carbureted. 


7 . 3 Ft aggered Main Stage Flameholder Arrays 

In order to minimize quenching from the uncarbureted aide of the pilot 
stage, configurations with the uncarbureted main stage flameholder region 
staged axially downstream were investigated. It was hypothesized that this 
feature would permit the combustion process to progress further before the 
quenching effects began. 

The effects of stagger for the sloped radial flameholders con bo identi- 
fled by comparing data from Configuration 6 with Configuration 4 data. At 
supersonic cruise conditions near 0.02 fuel/air ratio, the axially staggered 
version (Configuration 4) encountered lower combustion efficiencies and 
higher NOx levels. The axial stagger also resulted in lower combustion 
efficiencies at higher fuel/alr ratio operating conditions with both sides of 
the pilot stage carbureted. 

For the circumferential f laraeholders, Configurations 11 and 12 can be 
compared with Configuration 1. The combustion efficiencies of Configurations 
11 and 12 at 0.020 fuel/air ratio at supersonic cruise were measured at 98.4% 
and 98.8%, respectively, very close to the 99% goal and 4 to 5% higher than 
for Configuration 10. Eliminating the gas samples near the top and bottom 
liners containing the liner quenching effects from the calculated average, 
combustion efficiencies of 99.0% and 98.9% were calculated for these two 
configurations. Thus, these configurations avoided the quenching from the 
uncarbureted portion of the flameholder array which had limited the other 
configurations to well below 99% combustion efficlem:y at tlicse partially 
carbureted lean conditions. While this technique was successful in improving 
combustion efficiencies at partially carbureted supersonic cruise conditions, 
at high fuel/alr ratio conditions with both sides of the pilot stage carbure- 
ted, combustion efficiencies were lower than with the unstaggored configura- 
tion. The flame spreading from the lean upstream main stage flameholder 
region into the downstream region was apparently mueb inferior to that in- 
duced by the undiluted pilot gases. This effect occurred both with circum- 
ferential flameholders and with sloped radial flameholders. 


7 . 4 Main Stage Fuel Injector Variations 


Uniform fuel distribution is important for achieving minimum NOx levels 
at a reasonable combu.stlon efficiency. Thus, It is commonly assumed tliat 


optimizing tlu> fiiol In.li'fthm Htheino will bo .in import. int vnrlabU* in nolilov- 
Inp low omlKnhniH liwls In combuHtor.s and anj^montorH. Howovor, the diffor- 
tMiot'H found In tlila Invostig.iLlon for varlonn fuel inUu-tlon teohnlqueH were 
Burprl.sln«ly rtm.ill. Some of fhene <an be Been by referring to Table VIII, 
whieh eontalns a .Mummary of point Bample survey iiieasurementH from different 
eonf ImiraLlons at tiie supersonic cruise oper.it in}', condition. 

Tbe effi'ct of axi.il local Ion of tlie main sta«e fuel injectors is illus- 
trated liy com]i.trini’ Configurations (> and b. Coni J gurat Ion 8, like Configura- 
tion 1(1, used inji-ctors located well ahe.id of the f l.imehol ders , in the test 
rig inlet bellmoutii. Configuration b used injectors located 390 mm farther 
downstream, closer to the flameholder. The combustion efficiency at .1 
supersonic cruise fuel /air ratio of 0.020 was only slifthtly lowered, 96.5% 
versus 97.4% for Configuration 8. Two additional fuel injection techniques 
at the downstream axial station were aiso evaluated in Configuration 5. In 
place of the standard splash plate .spraybars, the use of conventional after- 
burner injectors having simple orifices at a 45° angle to the alrstream was 
one technique used in Configuration 5. A second technique involved the 
addition of an air bla.st auo.ilzer to these ovlflces. At a supersonic cruise 
fuel/alr ratio of 0.020, the air atomization decreased the NOx emission index 
from 2.7 to 2.3 but simultaneously decrea.scd the combustion efficiency from 
91.9 to 90.4%. A compari.Bon wltli splash plate fuel injectors in Configura- 
tion 4, using the data in Table VIII based on point sample surveys, showed 
essentially no difference between use of tbe splash plate and the air blast 
atomizing spraybars. 

A test witii vapor fuel, Configuration 9, was al.so conducted. This may 
represent the ultimate in atomization fineness and uniformity. The test 
results showed poorer results than with liquid fuel. At a supersonic cruise 
fuel/air ratio of 0.021, the combustion efficiency was lower (92.5% versus 
93.6%) and the NO^ emission index was higher (1.4 versus 1.3) than those 
shown In Table XXII for Configuration 7, the most directly cemparable con- 
figuration. 


7 , 5 Majhi S tage F lame liol der 'type 

Witliout the axial stagger, tlie circumf erentl al type of f l.imeholder , 
Configuration 1, demonstrated a sliglitly lilgher eombustion effieleiiey at 
supersonic cruiso tlian the shgied radial f lamchol ders , but also ;i lit};her NOx 
level. Some hypotlieses that may help explain these effects are discussed 
below. 

There are two mechanisms that m.ay be responsible for the effects on NOx. 
The longer time It t.ibes to spread t*'" flame through tiu' e.arhureted stream in 
the clrciimfi'renl iai coni iguvat loii Is one meclianlsm th.it may lie responsible 
for the increased NOx. Tliere is more flamelioiding source length in tlie 
sloped conri)’,urat ions, and llie bi'tween f l.imebol ih'ts is only 37"' ol the 
distance between I lie 'pilot and tlu' c 1 rcumferent i a 1 1 l.imeholder . The time 
period in wlilch Itiel Is Igiiitiis}; .aid generating r;idlc.ils mav he the time of 



maximum NOx generation; tlvlH may renult in more NO^ for the longer flame 
spreading time. A second possible explanation of tlio higher NOx m«y b*-> the 
reduced intensity of mixing. Imperfect fuel distribution will be slower to 
mix toward uniformity In less intense mixing; this may permit locally high 
fuel/alr ratios, with their accompanying high NOx generation rates, to exist 
for a longer time. 

The combustion efficiency might be expected to be lower for the longer 
flame spreading time, but the quenching from the uncarbureted side of the 
pilot Is the most important factor at supersonic cruise, Tlie penetr.it lug 
character and Intense mixing of the airflow coming through the sloped flame- 
holders results in more rapid quenching and, hence, lower combustion effi- 
ciency. 


7 • 6 Prospects of Further Improvements In Future Development Wor k 

The principle of achieving low NOx emission levels by burning fuel In a 
lean premixed condition in piloted duct burner designs has been demonstrated. 
The levels achieved closely approach the target levels for NOx at supersonic 
cruise. The combustion efficiency levels, while quite high, are below the 
99% target. However, sources of the major portion of the combustion in- 
efficiency have been identified. Because of this knowledge, it would be 
possible to direct future work at these specific causes with a relatively 
high probability of ultimate substantial improvement. This is not to suggest 
that major improvement should be expected from one or two tests of additional 
configurations. A substantial experimental development program is indicated 
to adequately demonstrate the desired and potential performance improvements. 
In addition to emissions reduction, development work on the resonance resis- 
tance of these configurations is also indicated. Previous development pro- 
grams at General Electric on similar duct burner configurations in which the 
effects of resonance suppression liners were investigated have resulted in 
substantial increases in the resonance resistance of such configurations, 
including satisfactory operation up to stoichiometric fuel/alr ratios. Such 
work was beyond the scope of this program. 

For increasing combustion efficiency, initial work on minimizing the 
effects of liner wall quenching would be reasonably straightforward. The 
cooling liners used in the present investigation were already available and, 
in addition, were selected to he very conservative in design to minimize 
hardware risk in the test program and assure that any destn-d test condltitm 
could be investigated. Thus, optlmlzutlon of this cooling liner design to 
minimize quenching is an obvious initial development direction. The possibU' 
achievable potential from this development work was Indicated previously in 
Table XXIV. If these potential improvements were achieved, the cotnl)ust i <mi 
efficiency and NOx targvts for all three flight conditions - takeoff, tran- 
sonic climb, supersonic cruise - could he met with a specific fuel/alr 
operating rtngo specified for each. Wlille combustion efficlemy targets 
would he met, Table XXIV suggests tliat the specific emission ingredients 
associated with the Inefficiencies may involve IlC emisslt'iis above the super- 
sonic cruise target levels and CO emissions below the target levtls. Some of 
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8,0 CONCLUSIONS 


An experimental program was conducted to investigate techniques and 
develop technology to reduce the pollutant emissions levels of duct burner- 
type augmentora suitable for use on an advanced supersonic cruise aircraft. 
The experiments were performed using a 194 by 432 mm rectangular sector test 
rig with Inlet air temperatures, pressures, and velocities fully representa- 
tive of the engine fan stream at all Important flight conditions. 

Screening tests of 12 configurations Identified a low emissions duct 
burner configuration. This low emissions duct burner exhibited emissions 
levels that were very sensitive to the fuel/air ratio, with NOx and combus- 
tion efficiency Increasing as fuel/alr ratio increased. Much of the combus- 
tion Inefficiency, which is made up of CO and HC emissions, was due to 
quenching near the liner walla. If this local inefficiency near the liner 
walls could be eliminated through future development work, combustion effi- 
ciencies would improve at optimum fuel/alr ratios from the demonstrated 
levels near 97% to the target level of 99%. At these 99% efficiency condi- 
tions for the central part of the stream, NOx emission index levels of 1.10 
at takeoff and 1.17 at supersonic cruise were measured, closely approaching 
the program goal of I.O. 

To obtain the desiied fuel/alr ratio range over an advanced supersonic 
transport mission, the supersonic cruise fuel/air ratio should be leaner 
than that found for optimum emissions. At the desired leaner conditions, a 
combustion efficiency of 94% and a NOx emission index of 1.3 were measured. 
Since attempts to maintain the optimum fuel/alr ratio from an emissions 
standpoint by carbureting only a portion of the circumference result in 
specific fuel consumption Increases, several of the screening tests included 
features selected specifically to investigate wide fuel/alr ratio modulation 
techniques. However, additional development of configuration features would 
be required to closely approach the goals with one configuration at both the 
lean supersonic cruise conditions and the richer takeoff conditions. 

Altitude relight characteristics and smoke emissions were both satis- 
factory. Smoke measurements on all configurations were well below the SAE 
smoke number goal of 15. For all configurations, the pilot stage ignited 
rellablly at low temperature rise using a standard engine spark igniter. 
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